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ABSTRACT  
This multidisciplinary research utilizes current thinking in planning, engineering, science 
and architecture, and proposes an interdisciplinary solution for addressing urban air pollution 
related to increasing urbanization. The premise that buildings are interconnected with urban 
infrastructure, with buildings serving as a resource and not just as a load, and the use of an active 
building facade to remediate environmental air pollutants beyond the building’s perimeter, 
represents a fundamental paradigm shift as to the nature of buildings in the urban environment. 
Form Based Codes (FBCs) are urban design guidelines which also provide requirements 
for street dimensions between building facades and height limitations of buildings based upon 
the number of stories. If these FBCs do not control for height to width ratios, they can result in a 
morphology called an urban street canyon. The vertical dimension of a street canyon corresponds 
to the height of a building (H) which is typically regulated by the number of stories (floors). The 
horizontal dimension of a street canyon, the width of the street (W) and associated frontage, 
corresponds to the right of way (ROW) which is the space between building lot lines. The most 
important geometric detail about a street canyon is the ratio of the canyon height (H) to canyon 
width (W), H:W, which is defined as the aspect ratio because when the value of the aspect ratio 
is >= 1:1, air pollution can accumulate at the street level.  The problem becomes one where 
FBCs are setting urban design guidelines for streets, ostensibly for walkability, but are 
unintentionally creating street canyons which are accumulating unhealthy air pollutants in the 
very locations where they hope to encourage people to walk. 
Within the envelope of an urban building, air quality is an issue addressed almost 
completely as an internal requirement. Building ventilation systems rely on internal air quality 
monitoring and are designed to optimize energy efficiency for the building and its occupants. 
xvi 
 
There are no studies that suggest that the building HVAC system should be used to ameliorate air 
pollution found outside the building, except for use within the building perimeter. This research 
investigated the capacity of a double-skin-facades (DSF), an active façade system typically used 
only for building HVAC, to evacuate air at the street level within the frontage zone of influence, 
as well as whether the DSF could actually remove criteria pollutants from the streetscape where 
human interaction is being promoted. 
Aside from matters of cost, DSFs have had little impact in the United States because they 
do not effectively filter air pollutants, which is especially troubling if they are to be used for 
fresh air intake. Plant integration into a DSF has been proposed for thermal mitigation; however, 
the suggestion that the plants could also create a functional component to filter the air has not. 
The NEDLAW vegetated biofilter reduces concentrations of toluene, ethylbenzene, and o-xylene 
as well as other VOCs and PMs. A DSF integrated vegetated biofilter has numerous benefits for 
streetscapes and opportunities for expanded use of an energy efficient system that serves not only 
the building occupants but the urban environment. 
This research developed and evaluated an active DSF building system for the evacuation 
and amelioration of street level air pollutants. Several modeling methods, including 
computational fluid dynamic (CFD) simulation and experimental validation through the use of a 
boundary layer wind tunnel were employed. The results based upon CFD modeling showed 
definitive removal of street level air pollution with mixing with upper boundary air.  The 
numerical modeling process identified gaps in the CFD analyses particularly with regarding to 
multi-scalar meshing of the DSF within the street canyon. Experimental verification and 
validation of the active DSF using an urban boundary layer wind tunnel also showed definitive 
ventilation of street level air pollution and mixing with upper boundary air. Furthermore, the data 
xvii 
 
showed that a vegetated biofilter would be able to operate within the operational parameters of 
the DSF.  
This research identified a means to extend the building systems to function as urban 
infrastructure for purposes of air pollution removal. The development of a method where 
investment in a building system is an investment in the city’s infrastructure is a paradigm shift 
that has led to the identification of multiple avenues of future interdisciplinary research as well 
as informing future urban design guidelines. 
 
KEYWORDS - double skin façade, street canyon, active building façade, vegetated biofilter, 
urban air pollution, CFD, form-based codes 
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NOMENCLATURE 
Atmospheric Boundary Layer - The bottom layer of the troposphere that is in contact with the 
surface of the earth which is often turbulent and is capped by a stable layer of air or temperature 
inversion.  
Computational Fluid Dynamics (CFD) - A branch of fluid mechanics that uses numerical 
analysis and data structures to analyze and solve problems that involve fluid flows. 
Double Skin Façade (DSF) – A system of building consisting of two skins, or facades, placed in 
such a way that air flows in the intermediate cavity. 
Form Based Code - A land development regulation that fosters predictable built results and a 
high-quality public realm by using physical form (rather than separation of uses) as the 
organizing principle for the code. 
Genius Loci - A pervading spirit of place, or a distinctive atmosphere, that is felt beyond the 
built environment. 
Human Comfort - The condition of mind that expresses satisfaction with the thermal 
environment and is assessed by subjective evaluation of temperature, humidity, airflow rate, 
metabolic rate, and clothing insulation. 
Mesoscale - An intermediate scale, especially that between the scales of weather systems and of 
microclimates, on which storms and other phenomena occur. 
Urban Microscale - resides within the roughness sub-layer and smaller urban canopy layer 
PM2.5 - atmospheric particulate matter (PM) that have a diameter of less than 2.5 micrometers, 
originating from various sources including power plants, motor vehicles, airplanes, forest fires, 
and have been found to be a cause of premature death from heart and lung disease 
xx 
 
Right-of-Way (ROW) - A type of easement granted or reserved over the land for transportation 
purposes, such as a highway, public footpath, rail transport, or canal, as well as electrical 
transmission lines, and oil and gas pipelines. 
Setback - The minimum distance which a building or other structure must be set back from a 
street or road. 
Transit Oriented Development (TOD) - A type of urban development that maximizes the amount 
of residential, business and leisure space within walking distance of public transport. 
Urban Canopy Layer (UCL) - The layer of air in the urban canopy beneath the mean height of 
the buildings and trees. 
Urban Street Canyon – A relatively narrow street with tall, continuous buildings on both sides of 
the road.  
Vegetated Biofilter – a type of vegetated vertical wall where air is actively forced through the 
wall of vegetation and as air pollutants come in contact with the growing media, contaminants 
are broken down by beneficial microbes in the root zone. 
Zero-Lot-Line - a real estate term in which the structure is built out to the edge of the property 
line. 
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CHAPTER 1 - INTRODUCTION AND MOTIVATION 
Elements for this chapter were published in a peer reviewed conference report and peer reviewed 
conference proceedings: 
Fithian, Lee. 2015. “How Advanced Building Systems Can Offset Water Infrastructure Needs.” 
52nd International Making Cities Livable eReport. 
Fithian, Lee, Zahed Siddique, and Naiyu Wang. 2017. “Investing in Sustainable Buildings to 
Enhance Community Resilience.” ASCE Architectural Engineering Institute Conference 
Proceedings.  
1.1 Observation and Motivation 
Vitruvius was a Roman architect and military engineer during the time of Caesar 
Augustus. Vitruvius, among many other things, designed and built cities, summarizing his 
extensive experience in The Ten Books of Architecture which, in part, contained prescriptive 
guides for the layout and construction of Greek and Roman buildings, as well as the forms for 
cities [1]. At that time, the entire population of the Roman Empire was approximately 4 to 5 
million people, with the great city of Rome holding slightly more than 1 million.  
Two thousand years later, the earth’s population has surpassed 7 billion and it is expected 
to exceed 9 billion by 2050. No one person, let alone any single discipline, can embody all the 
knowledge necessary to design and develop cities for all these inhabitants. In 2016, globally 
there were 512 cities with at least 1 million inhabitants, 45 cities with populations between 5 and 
10 million residents, and 31 megacities with more than 10 million inhabitants.  By 2030, it is 
projected that 662 cities will have at least 1 million residents, 45 cities will cross the 5 million 
mark and there will be more than 41 megacities [2].  
Today, this rapid pace of urbanization and the necessary specialization of the many 
disciplines who support growing populations, has led to a disconnect in information sharing with 
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regard to urban development. This research focuses on that disconnect and serves to complement 
and inform multiple disciplines, while creating new knowledge, by identifying some of the gaps 
that have developed. This dissertation relates current scientific thinking in urban planning and 
urban climatology, with the engineering and architecture of the built environment, while 
proposing an interdisciplinary solution specifically for addressing urban air quality issues.  
Air quality in the urban environment is critical to human health [3]. Urban human health 
stands to benefit from the intersection of urban climatology and the understanding of climate 
change, and urban design’s increasing focus on human health issues such as Hong Kong’s Air 
Ventilation Assessment System (AVS) as a candidate for future performance-based codes [4]. 
Urban planning primarily looks to urban climatology to help develop resiliency plans for 
mitigating climate change and forecasting. In the architectural and engineering fields, urban 
climatology is primarily taken into account for responding to climate change [5], identifying a 
need for building energy efficiencies [6,7] or as data for large scale wind effects [8]. All these 
disciplines are collaborating to add new development to the existing inventory of buildings and 
streets to serve growing populations, assist in sustainable economies, while increasing human 
health outcomes.  
With rapid urbanization, however, there have been unintended health side-effects. Certain 
building and urban street morphologies form an urban geometry called a street canyon which 
exacerbated poor urban air quality by accumulating air pollutants. These urban street canyons are 
little understood and frequently overlooked during urban planning and design of the built 
environment.  
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The urban air pollution mix is dominated by CO, CO2, NO2, and small particulates. When 
sufficient sunlight is available, this leads to the development of photochemical smog, ozone and 
secondary pollutants such as VOCs which are typically viewed as the primary pollutant.  The 
World Health Organization (WHO) establishes the air quality guidelines [9], which provide an 
assessment of health effects of air pollution and a threshold for health-harmful pollution levels. It 
has become necessary to identify strategies to mitigate urban criteria air pollutants within these 
same urban street canyons. Consequently, this dissertation contributes to urban planning, 
architecture and engineering by investigating the integration of buildings not only as effective 
contributors to urban streetscape, but also as infrastructure to mitigate air pollutants. 
As each of the disciplines coordinate to make streets more walkable, to boost economies, 
and help people live healthier lifestyles, it is important to take into account that there are 
misleading popular solutions to urban air pollution. For example, the idea that street trees are 
sufficient to mitigate air pollution is a widely promoted myth, but in fact street trees lead to a 
deterioration in air quality in urban street canyons [10]. Urban planners, engineers and architects 
must become familiar with the ramifications of street configurations and urban form as they 
relate to the potential of trapped criteria air pollutants as informed by studies in urban 
climatology. Specifically, design interventions must be investigated to mitigate criteria air 
pollutants that are found in these urban street canyon configurations. 
1.2 Significance and Purpose of the Study 
We are beholden to find solutions to address health concerns related to urbanization, and 
in particular the potential health effects [11,12] caused by urban design. In 2008, at the behest of 
the U.S. National Science Foundation, the U.S. National Academy of Engineering [13] convened 
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a diverse committee of experts from around the world, some of the most accomplished engineers 
and scientists of their generation, and proposed 14 Grand Challenges. Rather than attempt to 
include every important goal for engineering, the panel chose opportunities that were both 
achievable and sustainable to help people and the planet thrive. One of the 14 Grand Challenges 
was Restore and Improve Urban Infrastructure “Cities around the world have begun developing 
integrated approaches, by establishing transportation hubs, for instance, where various 
transportation elements — rail, bus, taxi, walking and bicycle paths, parking lots — all 
conveniently meet. While such services can help support growing urban populations, they must 
be accompanied by affordable and pleasant places for people to live. Engineers must be engaged 
in the architectural issues involved in providing environmentally friendly, energy-efficient 
buildings both for housing and for business.” [13].  
This research approached the Grand Challenge by reconsidering the role of the building 
within the urban context. For example, if we examine the issue of water supply and treatment, 
we find existing demonstration buildings, such as the San Francisco Public Utilities 
Headquarters [14]. Seeking to set the example for water conservation and reuse for the City of 
San Francisco, the new headquarters facility was programmed to integrate building water 
systems from a building scale catchment and treatment perspective. The 277,500 square-foot 
headquarters houses 950 employees and contains two non-potable water systems: a Living 
Machine and a rainwater harvesting system. With increasing urbanization, municipal water 
supply and treatment has struggled to keep pace, but infrastructure needs and funding for 
expansion have fallen drastically behind [15].  
Wastewater infrastructure in the United States is aging, and investment is not able to keep 
up with the need. State and local governments incur approximately 98 percent of the capital 
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investments annually to maintain and improve the infrastructure. The Congressional Budget 
Office, Environmental Protection Agency (EPA), and other groups have estimated that it could 
take an estimated $271 billion to address the nation’s sewage collection and treatment 
infrastructure needs over the next 25 years to keep our surface waters safe and clean. This is 
twice the current level of investment by all levels of government. The federal government has 
provided states an average of $1.4 billion per year over the past five years through the Clean 
Water State Revolving fund (CSWRF) programs which in turn provide $5.8 billion in financial 
assistance to municipalities. It is estimated that local governments spend $20 billion on capital 
sewer expenditures and $30 billion annually on operations and maintenance [16]. Capital 
funding has not kept pace with the needs for wastewater and water infrastructure, and state and 
local governments will continue to assume the bulk of investment requirements in the coming 
decades.  
Now consider applying this resource generator/treatment aspect of building water 
systems holistically to whole building systems, some of these infrastructure needs can be offset 
by addressing the historic view of building systems and their black box approach to services. The 
current paradigm to building system design is that buildings should simply “plug-in” to existing 
infrastructure. For example, the expectation is that a new building connects to a municipal water 
main and clean water flows and that waste water is flushed away and disposed of at a municipal 
treatment plant. This belies our growing institutional knowledge of holistic building design and 
urban development. Rather than becoming a point source load on infrastructure, buildings are 
capable of becoming resource generators [17]. This reconceptualization is illustrated in       
Figure 1.1. 
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This reconceptualization is happening across the board with distributed power generation 
as well, so it is a small leap to investigate the possibility that buildings could somehow address 
the issue of street level air pollution in the urban context. In this research we consider that 
buildings are interconnected with urban infrastructure, serving as a resource and not just as a 
sink, and therefore the symbiotic relationship extends to the infrastructure grand challenge. 
1.3 New Framework for Building Design 
The interdependent nature of biological systems are an inspiration to transform our 
perception of building science and technology. This analogy is made by identifying and 
developing regenerative building facades – the cell wall analogy of the building - that interact 
with the streetscape component. Urban planners currently utilize a framework of regulations for 
Figure 1.1 New Building Design Paradigm – Dissertation Focus 
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urban design, one of which - Form Based Codes - dictates massing (the overall shape and form 
of a building), floor-to-floor heights, materials, and street widths. It is not a great leap to ask the 
architectural façade and street interface to contribute a bit more.  
The use of a building to remediate environmental pollutants beyond the building perimeter 
represents a fundamental paradigm shift as to the nature of buildings in the urban and 
suburban environment.  
It can further be assumed, that buildings in urban developments can ameliorate air 
pollution levels to the benefit of the health and welfare of the people within their area of 
influence. Indeed, when we look back at urban infrastructure and resiliency issues, we have 
shown that buildings are already being used to offset water needs and provide resources during 
and after extreme climate events [17,18].  
Building design strategies primarily focus on individual buildings integrating within the 
urban design context, without properly accounting for the dynamic interactions within their 
ecological environments. Conceptual tools for the exploration of new forms are available, but 
intelligent sensing building envelopes (or skin) that scan for ecosystem service needs and 
selectively adapt to respond to both internal and external demands have not yet been linked to 
these building envelope forms except in a limited manner. 
1.4 Infrastructure 
While the world is urbanizing, infrastructure requirements to support it will be reaching 
crisis proportions in the coming years. Cities must absorb increasing urban populations, respond 
resiliently to drought or flood conditions due to climate change, and recognize that air quality is 
  
8 
 
becoming increasingly hazardous. For example, the American Society of Civil Engineer’s 2017 
Report Card for America’s Infrastructure gives a grade of “D+” for much of America’s 
infrastructure. The ASCE report card evaluated all aspects of public infrastructure and 
vulnerabilities related to population change and maintenance expectations.  
Precedent models for building based resource generators, such as rainwater harvesting to 
supply potable water (when treated), reuse and treatment systems already exist, such as in the 
San Francisco Public Utilities Commission building [19]. Climate change has produced profound 
drought in the State of California. The City of San Francisco has been proactive by moving 
ahead with developing plans for implementing recycled water programs on multiple scales with 
centralized facilities, building scale incentives and district scale opportunities. 
Seeking to set the example for water conservation and reuse, the San Francisco Public 
Utilities new headquarters facility was programmed to integrate building water systems from a 
building scale catchment and treatment perspective. The City of Tucson, while successful as a 
desert ecosystem, is undergoing increasing urbanization that is taxing its water and wastewater 
infrastructure. The city has implemented model water conservation ordinances [20] such as 
rainwater harvesting and gray water stub outs. People are realizing that buildings can actually 
offset the added infrastructure needs of increasing urbanization.  
1.5 Urbanization and Air Quality Issues 
As urbanization and densification increases, the microclimates of urban/higher density 
suburban areas change. The largest accumulation of air pollution in North America is within the 
atmospheric boundary layer of a city, caused by its morphology, and with pollutants produced 
primarily by automobiles [21]. The removal of air pollutants at the street level is dependent upon 
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the free flow of air diluting the pollution into a larger volume. Dispersion is best when there is 
strong instability and deep mixing characteristics during sunny summer time conditions. 
“Conversely, the worst conditions for dispersion occur where there is a temperature inversion 
and the boundary layer is stable. Turbulence is then suppressed, and upward motion is effectively 
eliminated.” [21]. This concept is illustrated in Figure 1.2. 
Natural dispersion of air pollutants is possible in many urban environments where the free 
flow of air is possible.  However, as streets narrow with buildings contributing to the urban street 
canyon, dispersion is compromised. “Wind and turbulence are vital to the dispersion of air 
pollutants. In areas characterized by low buildings, the exchange between street-level where car 
pollutants are emitted, and above roof-level depends upon the height to width ratio. If the streets 
are narrow (< 1:1 height to width ratio) air exchange is restricted (Figure 1.2) compared with that 
in a more open arrangement (>1:1.5) where the vortex circulation aids street-level flushing.”[21]. 
Figure 1.2 Skimming and Recirculation in Urban Environments based on Oke 1992 
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The climate of street canyons is primarily controlled by the micro-meteorological effects 
of urban geometry rather than the mesoscale forces controlling the climate of the boundary layer 
[22]. In certain conditions, the wind flow above the roof-tops is generally separated from the 
wind flow within the canyon. Depending on the velocity of the wind above the rooftops, 
dispersion of pollutants in canyon wind flows is least likely when roof top winds flow 
perpendicular to the street canyon. In the case of perpendicular flow, the up-wind side of the 
canyon is called leeward, and the down-wind windward [23].  
When the above roof wind flow is perpendicular to the canyon and the wind speed is 
>1.5m/s, flow may be further described depending on the dimensions of the street [21]. In the 
case of regular canyons (aspect ratio H/W≈1), the bulk of the above roof wind flow skims over 
the canyon producing a skimming flow, which then traps polluted air in the street canyon and is 
characterized by the formation of a single vortex within the canyon [22]. Where meteorological 
influences including wind speed and direction create skimming regimes above the urban canopy, 
air pollution will accumulate within the street canyon. 
Air pollution in the urban environment can compromise the health of people. While there 
are various sources of the air pollutants, in particular, particulate matter (PM) and ozone (O3) 
have a profound association with urban areas and negative health outcomes ranging from severe 
asthma to breathing problems in elderly and children. The 2017 WHO air quality guidelines offer 
global guidance on thresholds and limits for key air pollutants that pose health risks. The 
guidelines are based on the evaluation of scientific evidence for particulate matter (PM), ozone 
(O3), nitrogen dioxide (NO2) and sulfur dioxide (SO2). 
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The WHO air quality guideline values for particulate matter (PM) are categorized by 
particulate size [24]. Particle pollution is a mixture of solid particles and liquid droplets. There 
are two categories of particle size, PM2.5 and PM10. PM2.5 particles are smaller than 2.5 
micrometers in diameter are small enough to be breathed deep into the lungs, which can cause 
health effects especially for children, people over 65, pregnant women and people with existing 
heart or lung conditions (including asthma) because they are more sensitive to the effects of 
breathing fine particles. Unfortunately in many cities, air quality monitoring for particulate 
matter shows elevated non-attainment at PM2.5 [25]. People who live in high PM 2.5 cities have 
more heart attacks, depressed lung function, worse asthma, and overall die younger than people 
who breathe clean air. Indices that score air pollution in cities typically give more weight to 
PM2.5 than PM10 levels." [26].  
Chronic exposure to these fine particles contributes to the risk of developing 
cardiovascular and respiratory diseases, as well as lung cancer. Air quality measurements are 
typically reported in terms of daily or annual mean concentrations of PM2.5 particles in 
micrograms per cubic meter (μg/m3)[3]. The 2005 WHO air quality guideline stipulates that 
PM2.5 not exceed 10 μg/m3 annual mean, or 25 μg/m3 24-hour mean; and that PM10 not exceed 
20 μg/m3 annual mean, or 50 μg/m3 24-hour mean. The 2005 WHO air quality guideline value 
for ozone (O3) is 100 μg/m3 in an 8-hour mean and is based upon conclusive association between 
daily mortality and lower ozone concentrations[9].  
Excessive ozone at the ground level is not to be confused with the ozone layer in the 
upper atmosphere. Ground level ozone in the air can have a marked effect on human health. It 
can cause breathing problems, trigger asthma, reduce lung function and cause lung diseases[3]. 
Ground level ozone is also “one of the major constituents of photochemical smog. It is formed 
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by the reaction with sunlight (photochemical reaction) of pollutants such as nitrogen oxides 
(NOx) from vehicle and industry emissions and volatile organic compounds (VOCs) emitted by 
vehicles, solvents and industry. As a result, the highest levels of air pollution occur during 
periods of sunny weather.”[3]. 
1.5.1 Form Based Codes Issues 
The identification of urban street canyons in built urban environments is a matter of 
calculating height to width ratios. Current urban development guidelines, the modern-day 
version of Vitruvius’ prescriptive guidelines, are typically based upon regulatory documents 
called Form Based Codes (FBCs) for buildings in urban cores and the establishment of new town 
centers. These FBCs normally provide requirements for street dimensions between building 
facades and height limitations based upon stories. Without setting limits to these height to width 
rations, they can result in the development of an urban street canyon.  
 The vertical dimension of a street canyon, the building height (H), corresponds to the 
height of a building (H) which is typically regulated by the number of stories (floors) allowed. 
The horizontal dimension of a street canyon, the width of the street (W) corresponds to the Right 
of Way (ROW) which is the space between building lot lines and typically building facades are 
built to the edge of the lot line (zero-lot-lines). 
The most important geometrical detail about a street canyon is the ratio of the canyon 
height (H) to canyon width (W), H/W, which is defined as the aspect ratio. The value of the 
aspect ratio can be used to classify street canyons as follows [23]: 
• Regular canyon - aspect ratio ≈1 and no major openings on the canyon walls 
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• Avenue canyon - aspect ratio < 0.5 
• Deep canyon - aspect ratio ≈ 2 
In urban design, the amount of vehicular traffic, pedestrians, and bikers governs the width 
based upon activity within the ROW between buildings. When we consider that most urban 
design regulations in FBCs outside the urban core and not in suburban areas, call for buildings of 
4-6 stories (approximately 62’-74’) with a consistent width of the ROW to accommodate 
vehicular, and pedestrian traffic (approximately 64’-72’), the morphology of the street canyon 
creates a > 1:1 aspect ratio of the regular street canyon. 
  The problem becomes one where FBCs are setting guidelines for streets, ostensibly for 
walkability, but are unintentionally creating street canyons which are accumulating unhealthy 
air pollutants in the very locations where they encourage people to walk.  
Green infrastructure is assumed to offset some of the air pollution but in actuality, street 
plantings, integrated building plantings and surface mounted living walls serve only as surfaces 
for deposition of particulates and minor conversion of CO2, they do not actually mitigate VOCs 
[27].  
 
1.6 Literature Review and Research Questions 
This research is based upon utilizing the intersection of several disciplines to address one 
aspect of urbanization – air quality. The research is organized around the use of building facades 
– the exterior wall or face of a building- which stand at the physical intersection of urban space 
and architecture, and the application of knowledge typically associated with urban climatology 
along with a limited amount of ecological engineering. 
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A literature search of current, peer reviewed Journal Articles, Conference Proceedings, 
Book Chapters, Technical Reports, Statistical Data Sets and Other for the search terms 
“building” and “outdoor air quality” was conducted for the years 2009-2019 and yielded 2,835 
results. Of the results, there was limited mention of how building systems influenced outdoor air 
quality [6,28,29], almost all were about how outdoor air quality influences indoor air quality. 
There were a set of interventions, however, that evaluated solutions that sought to improve street 
canyon air quality, where buildings served merely to form the “walls” of the canyon.  
Removal of Vehicular Traffic - Overall, there is little evidence that restricting cars within cities 
improved air quality. In fact, across eight major pollutants, the results of the vehicular removal 
programs had virtually no discernible effect on pollution levels [30]. 
Increasing Urban Canopy - A common fallacy is that urban trees can mitigate particulates and 
VOCs. While it is true that CO2 is sequestered, PM is not “taken up” and converted to biomass as 
in mosses, rather it accumulates on leaves and clogs stoma leading to far shorter life spans (less 
than 10 years) than forest trees [31,32]. Roadside urban vegetation can lead to increased 
pollutant concentrations rather than improving air quality, which is explained by the fact that 
trees and other types of vegetation reduce the ventilation that is responsible for diluting the 
pollutants emitted by traffic [33].  
Building Materials and Urban Air Pollution – An investigation into photocatalytic paints, much 
touted for their air pollutant removal capabilities amongst current design professionals, found 
that certain photocatalytic paints release significant quantities of nanoparticles and volatile 
organic compounds (VOCs) over their lifetime. For example, while tests showed that titanium 
dioxide could eliminate xylene, the reactions behind this process created a series of new VOCs 
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and also degraded the surface of the paint, releasing nanoparticles and formaldehyde which is a 
known carcinogen [34]. 
Building Configuration Influence on Flow in Urban Street Canyons – A few studies [28,35,36] 
attempted to mitigate air pollution in street canyons by suggesting various interventions to 
modify building geometry, however, the studies merely treated the building as a black box entity 
that is moved or altered its form or shifted the building back from lot lines to allow for 
ventilation of the canyon. The list of building configurations suggested by the study is as follows 
and is further considered in Chapter 3: 
• Breezeway – establish spacing between buildings. This does not take in to account 
building site coverage of most zoning plans, and the desire of most real estate developers 
to maximize the building footprint within the lot [36]. 
• Podium Site Coverage – the establishment of a base to the building that then has a 
setback to again establish space between buildings [36]. 
• Building Disposition (staggering) – staggering buildings so the front façade is not in line 
with the street. This does not take in to account zoning requirements for zero lot line 
coverage, ie no setbacks [36]. 
• Building Height – placing limitations on the height of buildings. This is one of the most 
effective, but severely limits economic investment and development of urban core 
development [28]. 
• Building Permeability – essentially a suggestion that the buildings have holes through the 
middle [36] 
• Active Ventilation Systems – putting fans and ducting within and under the street to 
cause mixing [36]. 
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• Modifications of Building Roof Geometry – dictating roof forms to enhance canyon air 
pollution dispersion [35].  
In order to develop the research questions, we must develop a conceptual framework to 
ascertain the known-knowns and known-unknowns, and ultimately the unknown-knowns and 
unknown-unknowns. Figure 1.3 represents a conceptual framework, and the means by which we 
can organize the knowns and unknowns identified through the Literature review.   
Figure 1.3 Simplified Conceptual Framework 
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The conceptual framework, and associated gaps in knowledge particularly the known-
unknowns and unknown-unknowns that lead to new knowledge,  is presented utilizing a method 
described by the Project Management Institute [37]. Regarding this research, the knowns and 
unknows have been organized as in Figure 1.4. 
 
  
Figure 1.4 Knowns–Unknowns and New Knowledge 
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The questions that arise from examination of the knowns and unknowns lead to several 
Research Questions (RQ) for purposes of this dissertation: 
RQ1: What building systems interact with street canyon airflow? 
RQ2: How can the building system ventilate street level air pollution and facilitate 
mixing? 
RQ3: How can vegetated systems operate with a building to ameliorate air pollutants? 
RQ4: What analyses demonstrate interaction of building with street level air? 
To answer the research questions, several experiments were developed to test the following 
hypothesis: 
• When coupling the building facade and the urban street is it possible to ventilate street 
level air pollution and facilitate mixing (RQ1 and RQ2 and RQ4) 
• Will the operational air flow rates necessary to ventilate the street level air pollution, be 
within the established operational mass flow air pollution removal rates of the 
vegetated biofilters (RQ3)? 
 
1.7 Outline of the Dissertation 
The research is organized in the following manner: 
• Chapter 1 - Background of the urban air quality issues and the urban morphology that 
gives rise to the dissertation focus.  
• Chapter 2 - A review of the current practices in urban design that continue to create new 
urban morphologies while not addressing air quality issues.  
• Chapter 3 - A review of the current methods of addressing urban air quality issues using 
architectural, urban planning and ecological means, and identification of an architectural 
façade system – the Double Skin Façade – that can interact with and create a sort of 
ecosystem service to address air quality issues.  
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• Chapter 4 - The means and methods of analyzing air flow in a Double Skin Façade.  
• Chapter 5 - The results of the CFD and wind tunnel analyses of the Double Skin Façade 
and its interaction with the urban street.  
• Chapter 6 - The conclusions that the Double Skin Façade can evacuate air pollutants 
within the urban street adjacent to the façade. Additionally, the DSF operational 
parameters can support integration of a vegetated biofilter potentially ameliorating air 
pollutants.  
 
For this dissertation, the following definitions of validation and verification are used: 
Validation – “Validation means confirmation by examination and provision of objective 
evidence that the particular requirements for a specific intended use can be consistently 
fulfilled.”[38]. 
Verification – “Verification means confirmation by examination and provision of objective 
evidence that specified requirements have been fulfilled.”[38]. 
 
Research in this dissertation was conducted through literature review, simulation, and 
experimentation. Validation of CFD simulation results were based upon examination of visual 
display of software derived quantitative results. Wind tunnel analyses were used to validate CFD 
analyses, and wind tunnel experimental results were based upon examination of the visual 
recording of the experimental test. Table 1.5 summarizes the validation and verification of the 
CFD simulations and wind tunnel experiments. 
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Table 1.1- Analysis, Verification and Validation of CFD 
Simulation and Wind Tunnel Experiments 
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CHAPTER 2 – HOW FORM BASED CODES CREATE STREET 
CANYONS 
2.1 Review of Form Based Codes used to Regulate Urban Morphology 
Urban planners have a collection of tools at their disposal to manage urban growth. One 
of their tools is the zoning code. American zoning codes have a relatively short history, but they 
have had a profound impact on building form – influenced in no small way by the 
accommodations for the automobile. Zoning typically deals with the arrangement and adjacency 
of buildings, their uses and their density. Downtown building height regulations are traditionally 
based on the Floor-Area Ratio (FAR) which addresses lot size and building coverage. Zoning 
FARs have led to incredibly dense urban centers that rapidly become more speculative than 
livable, enabling uncontrolled suburban sprawl as people spread outward to live and work and 
find respite from the stresses encountered in dense urban centers. 
In order to counter sprawl, urban planning embraces Smart Growth, which includes 
rebuilding the urban core, retrofitting underutilized commercial and industrial areas, and 
densifying and creating suburban town centers. Comprehensive urban planning process is 
equally a useful tool.  If area plans for downtown identify where urban street canyons have 
emerged, building codes or allowances for additional height may be granted if certain conditions 
are met - including affordable housing allowances, access to transit -- and offering environmental 
benefits to water and air quality. One of the elements of Smart Growth is Transit Oriented 
Development (TOD). TOD is where building districts are arranged near transit, provide a means 
to arrange a diversity of uses and housing in close proximity, and create walkable corridors to 
and from public spaces and services. Walkability is important as it contributes to positive health 
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outcomes in the urban environment. “Walkable communities, or neighborhoods, are those in 
which residents can walk to nearby destinations, and such neighborhoods encourage walking as a 
means of transportation.”[39]  
What makes a street “walkable” has several dimensions including the separation of 
transportation systems from sidewalks, incorporating trees and plantings in streetscape design as 
well as connected access. Walking can be enhanced by shaded trees, views into windows, 
biophilic integrated building design, and connected parks and greenspace. The connection to 
nature is fundamental to a balanced streetscape design. 
Since 1990, planners and urbanists have organized the Congress of the New Urbanism 
(CNU), the purpose of which is to reform urban planning practice in the United States and the 
world. The Charter for the New Urbanism provides for visioning urban form. Form-Based Codes 
(FBCs) encompass the concepts of TOD and are the preferred instrument for implementing new 
urbanist ideas at all scales and in all settings. Much like Vitruvius’ treatise, the elements of FBCs 
are developed upon the transect, spatial organization by neighborhood, districts and corridor, and 
entitlement by type. FBCs for urban districts give a desired walkability to public space through 
dimension, materials, and façade qualities of the buildings. These FBCs are not dimensionless; 
indeed, they draw upon neuroscience based perceptions of enclosure and traffic calming 
streetscapes in order to enhance the pedestrian experience [40]. 
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The transect is a means of coding density and establishing “immersive environments in 
which building, open spaces, landscape and infrastructure are combined to produce memorable 
permanent spaces”[41]. FBCs replace sprawl with the idea of regulating within clear, identifiable 
spatial boundaries. They seek to accommodate a large range of mixed uses while minimizing the 
dependence on the automobile (but not removing it). There are six Transect Zones, or T-zones, 
for application on zoning maps. Design Guidelines and standards were developed for the first 
transect-based codes, which then evolved to become the model SmartCode, released in 2003 by 
Duany Plater-Zyberk & Company as can be seen in Figure 2.1 [42] 
This SmartCode system replaces conventional separated-use zoning systems that 
encouraged a car-dependent culture and sprawl. The six Transect Zones provide the basis for real 
neighborhood structure, requiring walkable streets, mixed use, transportation options, and 
housing diversity. The SmartCode [42]system defines the Transects as follows: “T-1 Natural 
Zone consists of lands approximating or reverting to a wilder-ness condition, including lands 
unsuitable for settlement due to topography, hydrology or vegetation; T-2 Rural Zone consists of 
sparsely settled lands in open or cultivated state. These include woodland, agricultural land, 
grassland, and irrigable desert. Typical buildings are farmhouses, agricultural buildings, cabins, 
 
Figure 2.1 A Typical Rural to Urban Transect, with Transect Zones (SmartCode)  
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and villas; T-3 Sub-Urban Zone consists of low-density residential areas, adjacent to higher 
zones that some mixed use. Home occupations and outbuildings are allowed. Planting is 
naturalistic and setbacks are relatively deep. Blocks may be large and the roads irregular to 
accommodate natural conditions; T-4 General Urban Zone consists of a mixed use but primarily 
residential urban fabric. It may have a wide range of building types: single, side yard, and 
rowhouses. Setbacks and landscaping are variable. Streets with curbs and sidewalks define 
medium-sized blocks; T-5 Urban Center Zone consists of higher density mixed use building that 
accommodate retail, offices, rowhouses and apartments.  It has a tight network of streets, with 
wide sidewalks, consistent street tree planting and buildings set close to the sidewalks; T-6 
Urban Core Zone consists of the highest density and height, with the greatest variety of uses, and 
civic buildings of regional importance. It may have larger blocks; streets have consistent street 
tree planting and buildings set close to the wide sidewalks.” [42]. 
The T‑zones vary by the ratio and level of intensity of their natural, built, and social 
components. They may be coordinated to all scales of urban planning, from the region through 
the community scale down to the individual lot and building [42]. For purposes of this 
interdisciplinary research, increasing urbanization will deal primarily with T-5 Urban Center and 
T-6 Urban Core Zones. T-5 Urban Center Zones typically describe New Town Centers created 
by urban designers.  
The FBCs have achieved great successes across the United States and around the world, 
such as the new town of Seaside in Florida and Curitiba in Brazil. However, while planners and 
architects are busy developing and redesigning new town centers and revitalizing urban cores, 
other areas of evidentiary and scientific inquiry are recognizing that much of the developing 
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urban morphology is leading to unintended consequences particularly with regard to urban air 
quality.  
 The FBCs are used to regulate urban form by defining the dimensions of street corridors 
including pedestrian and vehicular paths, building heights and form, street plantings and 
sometimes stylistic façade elements. Understanding that the FBCs are setting heights of 
buildings and widths of streets it becomes apparent that FBCs must be examined to determine if 
any elements of the FBCs respond to answering RQ1 What building systems interact with street 
canyon airflow and RQ2 How can the building system ventilate street level air pollution and 
facilitate mixing? 
2.2 The Design Guides for Urban Cores and Town Centers 
While FBCs are used to restore buildings in urban cores, establish new town centers, 
develop walkable cities and prevent sprawl, the FBCs also establish the relationship between the 
building and street with their resulting geometry creating the potential to form an urban street 
canyon. The movement of traffic, pedestrians, and bikers governs the width ratio based upon 
activity within the right-of-way between buildings. In association with the CNU, the National 
Association of City Transportation Officials (NACTO) has created a compendium of principles 
and practices for Complete Streets based on the local Transect, which includes the design 
capacity for safe interaction of automobiles, pedestrians, bikers, multi-modal transit, and urban 
infrastructure [43].  
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A Complete Street uses an integrated strategy to safely allow activity to inhabit the 
streetscape. “Lane widths of 10 feet are appropriate in urban areas and have a positive impact on 
a street's safety without impacting traffic operations. For designated truck or transit routes, one 
travel lane of 11 feet may be used in each direction. In select cases, narrower travel lanes (9–9.5 
feet) can be effective as through lanes in conjunction with a turn lane.” [44]. A Complete Street 
also incorporates on street parking, bike lanes, and sidewalk areas. 
The sidewalk is the area where people interface with one another and with businesses most 
directly in an urban environment [45]. As the public space ROW dictates, sidewalk design guides 
indicate three distinct zones for the sidewalk: 
“The frontage zone describes the section of the sidewalk that functions as an extension of 
the building, whether through entryways and doors or sidewalk cafes and sandwich boards. The 
 
Figure 2.2 Lane Width Guide (NACTO 2017) where image shows only initial building 
development not potential building height  
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frontage zone consists of both the structure and the facade of the building fronting the street, as 
well as the space immediately adjacent to the building. The pedestrian through zone is the 
primary, accessible pathway that runs parallel to the street. The through zone ensures that 
pedestrians have a safe and adequate place to walk and should be 5–7 feet wide in residential 
settings and 8–12 feet wide in downtown or commercial areas. And the street furniture zone is 
defined as the section of the sidewalk between the curb and the through zone in which street 
furniture and amenities, such as lighting, benches, newspaper kiosks, utility poles, tree pits, and 
bicycle parking are provided. The street furniture zone may also consist of green infrastructure 
elements, such as rain gardens or flow-through planters.” [45] 
 
Our place making and street design for walkability is placing more people on the street 
without effectively controlling for the potential air pollution accumulation based upon building 
height to ROW ratios. 
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2.3 Review of Form Based Code Institutes Library of Codes 
The Form-Based Codes Institute (FBCI) is a professional organization that is part of 
Smart Growth America. It is dedicated to advancing the understanding and use of form-based 
codes as well as developing standards for form-based codes [46]. FBCI maintains a library of the 
best examples of form-based codes from communities across the United States and abroad. The 
codes represent a variety of community types and applications of form-based standards. 
Information in this library includes: physical context (size or type of government entity), 
organizing principle (underlying organization for the code standards), and implementation 
method (how the code standards operate within the zoning ordinance).  
There are listings for 47 FBCs found within the FBCI’s library [46]. Each FBC in the library 
was searched for regulatory language controlling ROW to building height. Specific search words 
were:  
1) References to “transect”, “town center”, “thoroughfare”, “ROW” 
2) Height Restrictions as identified as: number of “stories” or “maximum (max) height” 
3) If building height was defined as “stories” then a numerical value of 15 feet in height was 
applied for the first story and 12 feet in height for each additional story.  
Not all FBCs had regulatory information for transect, ROW or building height. Of the 47 
FBC’s (Figure 2.3), 17 FBCs had information for both ROW and building height but none 
provided regulatory language offering constraints that would prevent the creation of the 1:1 (1 or 
greater) urban street canyon ratio. Of the 17 that were identified, 9 had a ratio greater than 1:1 
(Table 2.1).  If Building Height and ROW were provided, the Height:ROW ratio was calculated. 
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Any ratio calculation that was greater than or equal to one (1) indicates the potential creation of 
an urban street canyon condition with the potential for air pollution accumulation.  
It is important to note that most of the FBCs were not related to existing communities with 
high density, T6-Urban Core zones. These existing urban areas would still benefit from the 
results of this research as many already have urban street canyons as a matter of historical 
development. 
 
Figure 2.3 Locations of Communities in FBCI Database Used for Study 
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Form-Based Codes Institute
Library of Codes
http://formbasedcodes.org/all-codes/
Name Transect Coverage
Thoroughfare      
R.O.W. Defined Height Restrictions
H/W 
Ratio City State
1 Beaufort County Community 
Development Code T3E, T3N, T4NC, T5 60' and 80' 4 stories (51') 0.6
Beaufort 
County SC
2 Benicia Downtown Mixed Use 
Master Plan TC none 40' NA Benicia CA
3
Bradenton Land Use and 
Development Regulations T1-T6
numerically 
undefined
T4-O 6 stories, T5 12 stories, 
T6 20 stories (max height 
based on bonuses) NA Bradenton FL
4 CBD Code and Architectural 
Guidelines for Delray Beach, Florida *
only streetscape, 
not R.O.W
3 stories & 38ft and 4 stories 
& 54 ft NA
Delray 
Beach FL
5
Cincinnati Form-Based Code T5, T6 50-60 ft, 100 ft
T5 5, 6 stories max T6 4 
stories min. (75') 1.5 Cincinnati OH
6
City of Livermore Development Code T5, T6 reserved NA NA NA Livermore CA
7 Downtown Code for Nashville, 
Tennessee NA undefined up to 30 stories, some 560 ft NA Nashville TN
8
Farmers Branch Station Area Code NA 46-100ft
NA - graphic indicates 4 
stories (51') 1.1
Farmers 
Branch TX
9 Heart of Peoria Form Districts NA 50-80 ft 5 stories (63') 1.3 Peoria IL
10
Lee County Compact Communities 
Code
Core, Civic, Edge, 
Boulevard, Avenue, 
Street A, Street D 126', 75', 60', 45' 4-6+ stories (75') 1.3 Lee County FL
11
Miami 21 T4-T6
ideal 62'-72', 
possible 82'-92'
T5 max ht 5 stories (63'), T6 -
8 to 12 stories (99-147) 2.4 Miami FL
12 Near Southside Development 
Standards and Guidelines
does not use 
transect approx 72' wide
150' tall building has podium, 
70' building max 1.0 Fort Worth TX
13
Santa Ana Transit Zoning Code
does not use 
transect
worst case 72' 
wide 20-10 stories (123') 1.8 Santa Ana CA
14 Soledad Downtown Specific Plan not big enough Soledad CA
15 St. Lucie County: Towns, Villages and 
Countryside
transect of main 
and center main 66'-72' max ht 56' 0.9 St. Lucie FL
16
The Denver Commons Code
commons area 
around 16th st 110' 140' 1.3 Denver CO
17 Woodland District Hybrid Form Based 
Code site specific 60'-96' 150'-250' 2.6 Lacey WA
Table 2.1 Form Based Codes with Identifiable Height to ROW 
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2.3.4 Cincinnati Form Based Code Example 
As a selected example, we will review how the City of Cincinnati, Ohio has created FBC 
guidelines for the T5 development areas of their Urban Design Overlay Districts [47], and how 
that FBC does not identify the potential to form an urban street canyon. The developing 
neighborhood of Madisonville (Fig 2.4 [48]) has restricted building heights to 6 stories (~75 ft) 
but with narrow streets that will be limited to 50 feet (Figure 2.6), it creates the potential H:W 
ratio of 1:0.67 or 1.5 which has been shown to cause air pollution accumulation.   
Prevailing winds in the Madisonville area run perpendicular to the main street identified 
as a T5 district.  When this is coordinated with prevailing winds which run primarily 
perpendicular to the major orientation of the streets (Figure 2.5 [49]), we can see how the air 
pollution accumulation will be exacerbated should Madisonville develop streets based on the 
maximum building height provided by the Cincinnati FBC (Figure 2.6). 
It is interesting to note that within the Cincinnati FBC there is no mention of air quality 
issues. This is unfortunate because it ignores the existing air quality assessments already 
identified by the 2018 American Lung Association report for Cincinnati: “Cincinnati and other 
nearby metropolitan areas are on the list of 25 most polluted cities, due to the high levels of year-
round particle pollution.” [50].  It is also noted that the American Lung Association’s 19th Air 
Quality report states that “While all these cities have levels that meet the national air quality 
standard in the U.S., all have levels above the limit recommended by the World Health 
Organization.” [51]. 
This issue takes on a sense of urgency related to the development of building systems to 
counter the effects of a regulatory issue within the urban design community that is governing 
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future development. The identification of building systems that could ameliorate the street level 
air pollutants, as per RQ1 (What building systems interact with street canyon airflow) and RQ2 
(How can the building system ventilate street level air pollution and facilitate mixing) becomes 
more important to informing FBCs and establishing means to counter some of the unintended 
effects. 
 
 
  
Figure 2.5 Madisonville Cincinnati FBC Overlay District with Prevailing Winds 
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Figure 2.6 T5 Thoroughfare Guidelines – City of Cincinnati Form Based Code 
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CHAPTER 3 - CHALLENGES TO URBAN DESIGN INTERVENTIONS 
AND SELECTION OF ARCHITECTURAL FAÇADE SYSTEM 
3.1 Current Urban Built Environment Solutions to Air Quality Issues 
There are numerous methods that have been introduced to address air quality issues in 
urban environments. Relocating heavy industries to outside the city limits (zoning), increasing 
the efficiency of HVAC systems and properly insulating buildings, and removing as many 
polluting vehicles as possible from the roads. None of these methods truly fit within the 
established norms of urban design. 
3.1.1 Vehicular Traffic 
In particular, removal of cars within city centers has been chosen as the primary focus. In 
1989 Mexico City banned cars for one day each week based on the last digit of their license 
plate. Athens, Greece also restricted cars this way in 1982, and other cities have since followed: 
São Paulo in 1995, Bogotá in 1998, Beijing in 2008, and most recently Delhi in 2016 [52]. 
Overall, there is little evidence that restricting cars within cities improved air quality, in fact,  
across eight major pollutants, the programs had virtually no discernible effect on pollution levels 
[30].  
London has implemented measures including banning cars from Oxford Street, switching 
away from diesel buses, investing in alternative transport such as cycling, and taxing vehicles 
built before 2006. Paris has enacted car-free days, commissioned redesigns of streets and 
intersections to favor pedestrians, banned old cars from the city center, and closed portions of a 
major road along the Right Bank of the Seine to cars. Barcelona has developed a road grid 
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dividing the city into nine-block squares and through-traffic can only use the perimeter roads, 
including the city’s bus routes.  
The removal of cars from city centers, which typically would be designated in Transit 
Oriented Development nomenclature as T-6 Urban Core Zones fails to consider the T-5 Urban 
Center Zone which is a primary economic development zone and is not typically included or 
regulated beyond its urban morphology [46]. Furthermore, the exclusion of vehicular traffic for 
T-6 Urban Core Zones fails to take in to account equity issues. “The revival of America's core 
cities is one of the most celebrated narratives of our time — yet, perhaps paradoxically, urban 
progress has also created a growing problem of increasing inequality and middle-class flight” 
[53]. Most T-6 Urban Core Zones are now divided between well-paid professionals and lower-
paid service workers with real estate rates limiting access to the regulated Core Zones. In 
virtually all U.S. metro areas, the inner cores are more economically unequal than their 
corresponding suburbs [54,55]. 
Social equity issues and economic development maintains the necessity of vehicular 
traffic within urban cores. Suggesting that the solution to urban street canyons’ air pollution 
issue, is the removal of that vehicular traffic, again points to finding an alternative solution that 
expands the potential use of the buildings forming the street canyon. 
3.1.2 Urban Tree Canopy 
Not all urban air quality solutions are centered around transit, many suggest the 
“greening” of urban areas to use various plants and trees to sequester pollutants. In Stuttgart, a 
100 meter by three-meter-high moss wall was constructed from two moss species (Ceratodon 
purpureus and Racomitrium canescens). The species selected were suited to filter and degrade 
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fine particulate matter and works passively with localized urban air currents. Another moss-
based solution is an actively ventilated streetscape fixture called CityTree by Green City 
Solutions [56]. While the system cannot operate year-round due to seasonal requirements, the 
system has been found to have 26-46% reduction in PM2.5 and 20-53% reduction in PM10 at a 
constant air flow of 5.5 m3/min.  
A common fallacy is that urban trees can mitigate particulates. One example is the Bosco 
Verticale in Milan, Italy (Figure 3.1). While it is true that CO2 is sequestered, PM is not “taken 
up” and converted to biomass as in mosses, rather it accumulates on leaves and clogs stomata 
leading to far shorter life spans (less than 10 years) than forest trees [31,32]. Roadside urban 
vegetation can lead to increased pollutant concentrations rather than improving air quality, 
explained by the fact that trees and other types of vegetation reduce the ventilation that is 
responsible for diluting the traffic emitted pollutants [33].  
The need to implement “greening” in the city is inherent to human nature [57]. Another 
solution to outdoor air quality issues are building facades with integrated vegetation. These 
examples are increasingly being built but their contribution is using photosynthesis to convert 
CO2 to O2 [58,59]. The “either-or” scenario of removing urban trees in favor of better air quality 
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need not be mutually exclusive and leads to integration of “green” into a building system as an 
option to remediate pollutants is raised by RQ3.   
 
3.1.3 Building Materials and Urban Air Pollution  
There have also been developments in coatings applied to building surfaces that have chemical 
interactions with air pollutants. Photocatalytic paints containing compounds such as titanium 
dioxide nanoparticles, when exposed to UV light, can oxidize organic compounds in the air, and 
are an example of a treatment technology using only sunlight or ambient lighting to work. 
However, it has been found that these photocatalytic paints release significant quantities of 
nanoparticles and volatile organic compounds (VOCs) over their lifetime. For example, tests 
showed that while titanium dioxide could eliminate xylene, the reactions behind this process 
Figure 3.1 Bosco Verticale - Milan, Italy - Example of Building Integrated 
Vegetation 
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create a series of new VOCs and also degraded the surface of the paint, releasing nanoparticles 
and formaldehyde which is a known carcinogen. [34]. 
While surface coating on facades seem to be part of a building system, the use of coatings 
is more a matter of materiality and must be ruled out as a building system integration as it relates 
to RQ1 and RQ2. 
3.1.4 The Building and Air Quality Issues 
Within the envelope of an urban building, air quality is an issue addressed almost 
completely as an internal requirement. Building ventilation systems rely on air quality 
monitoring and are designed to optimize energy efficiency for the building and its occupants. 
Outside air is drawn in to the building and monitored for temperature, humidity and air quality, 
before it circulates within the building.  
Heating/cooling/dehumidification (HVAC) systems adjust that air as it circulates within 
the building envelope, and high-efficiency particulate air (HEPA) filters are sometimes used to 
capture particulates particularly within Medical Facilities [60]. It is important to note that the 
U.S. Department of Energy (DOE) requires HEPA filters to capture 99.7 of particles larger than 
0.3 microns. Air particles are caught through either interception, impaction or diffusion [61] but 
this does not necessarily meet the WHO PM2.5 and PM1.0 requirements. 
As the building inside air is recirculated, it is monitored for CO2 levels. When CO2 levels 
become too high, recirculating air is exhausted to the environment and “fresh” outside air is 
brought in to repeat the cycle. In urban environments, outside air is captured primarily from 
rooftops but sometimes from street side access. The management of inside air quality and energy 
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efficiency are the primary focus of building HVAC systems, while the consideration of the air 
quality of the urban street is seen only from the perspective of its quality as a fresh air resource. 
From the literature review, it was noted that there are no studies that suggest that the 
building HVAC system should be used to ameliorate air pollution found outside the building, 
except for use within the building perimeter. Understanding that the building indoor air quality is 
highly regulated, and that it is highly dependent upon the quality of the outside air, led to the 
development of RQ1 and RQ2 with the use of alternative biofilters to potentially take on the role 
of the HEPA filter which led to the development of RQ3. 
3.1.5 Street Side Intake Air Access 
Street side air intake has been categorized by the type of aperture used, typically a grille 
or window (fenestration). Most modern HVAC systems will connect the grille to the Air 
Handling Unit (AHU) and precondition the air before it enters the building system. Operable 
fenestration was historically used for ventilation prior to the onset of HVAC, but fell out of use 
because of misguided energy efficiency prescriptive requirements for building HVAC system 
control. However, operable fenestration systems have seen an upsurge in use for resiliency in 
certain instances such as power failure.  
Climate change is increasing hazardous weather events. The NIST Center of Excellence 
for Risk Based Community Resilience Planning defines community resilience as: “The ability of 
a community to prepare for and adapt to changing conditions and to withstand and recover from 
disruptions to its physical and non-physical structure.”[62] Initial stakeholders are looking to 
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building codes with robust structural guidelines and reinforcing existing infrastructures as a means 
to withstand hazardous events.  
Envelope considerations play a large role in creating an economically efficient and healthy 
environment for the occupants and the businesses they shelter, before, during and after hazardous 
weather events. Glazed window (Figure 3.2) and door systems that are operable before and after a 
hazardous event provide for many of the needs of a building that is designed to be sustainable and 
resilient giving it the ability to adapt to changing conditions as well as recover from disruptions. 
Productivity performance measures also utilize access to daylighting through fenestration 
systems [63]. Fenestration in the building façade is fundamental to both sustainability and 
resiliency. Removing fenestration does not create a resilient building. When energy systems fail, 
Figure 3.2 NYC Skyscraper with Operable Curtain Wall next to High Line 
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HVAC does not function. If power is restored in an emergency situation, it may not be sufficient 
to heat or cool the building. Operable fenestration, a hallmark of sustainable design as it provides 
daylighting, natural ventilation and passive systems for net-zero energy capability, allows a 
building to remain comfortable during the time it takes for municipal power and infrastructure 
systems to be restored. Responding to power outages and understanding that the operable façade 
of a building lends itself to the resilient operation of ventilation, leads to the development of 
RQ1.  
3.2 Understanding of Building Configuration Influence on Airflow in Urban Street 
Canyons  
Urban Boundary layer wind tunnel studies have investigated building configurations and 
the flow modifications inside urban street canyons. These flow modifications have been found to 
assist in street canyon pollutant dispersal. Variations in roof geometry have been found to impact 
the in-canyon air vortex formation and dynamics as much as the street width to height ratio. [35]. 
Unfortunately, Form Based Codes have not taken this recommendation in to account as the 
aesthetics of the design scenarios are highly stylistic and urban street canyon air quality is not 
necessarily considered.  
Additionally, other design recommendations include the following [36]:  
Breezeway: Linking of open spaces, creation of open plazas at road junctions, maintaining low-
rise structures along prevailing wind direction routes, and widening of the minor roads 
connecting to major roads. This is a highly specific solution with limited application as many 
urban transit systems are already developed. Additionally, the creation of open plazas at road 
junctions is counter to urban design principles. 
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Podium - Site Coverage: Stepping building heights in rows would create better wind at higher 
levels if differences in building heights between rows are significant. The “podium” structures 
commonly found in Hong Kong are not desirable. The analysis and direction of such a 
comprehensive design solution, with required limitations to height and form across multiple lots 
and neighborhoods prevents the introduction of this as a comprehensive solution. 
Building Disposition: Stagger the arrangement of the blocks such that the blocks behind are able 
to receive the wind penetrating through the gaps between the blocks in the front row. This would 
be applicable in completely new town development, but impossible in existing urban areas due to 
the existing urban transit systems and property rights. 
Building Height: Vary the heights of the blocks with decreasing heights towards the direction 
where the prevailing wind comes from. If not, it is better to have varying heights rather than 
similar / uniform height. Again, the analysis and direction of such a comprehensive design 
solution, with required limitations to height and form across multiple lots and neighborhoods 
prevents the introduction of this as a comprehensive solution. Additionally, higher real estate 
values tend to correlate with access to prevailing winds, suggesting taller buildings would be 
developed closer to the origination of prevailing winds [64]. 
Building Permeability: Create permeability in the housing blocks. Creation of openings in the 
building blocks to increase their permeability may be combined with appropriate wing walls that 
will contribute to pressure differences across the building facades and thus will permit the air to 
flow through the openings of the buildings. Urban planning practices and the layout of real estate 
parcels in urban environments typically require zero-lot lines which would preclude the 
requirement for openings in building blocks. Modification of the building permeability through 
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openings is a morphology that is not considered a building system, but one of form and will not 
be considered in the research questions.  
Active Ventilation System for Deep Urban Canyons: In order to improve the ventilation at the 
very narrow streets, especially in deep canyons, active ventilation systems may be considered, 
e.g. using vertical chimneys / stacks that transfer air from the canyons to higher levels above the 
buildings. Such chimneys will also contribute to decrease in pollution. This solution has the most 
applicability to this study as one building structure – a double skin façade - can interact at the 
street level and transfer air from the street canyon to higher levels above the building. How 
active ventilation systems could be coupled to urban street canyon leads to RQ1 and RQ2. 
Modifications of building roof geometry inside street canyons: with flat roofs, flow separation is 
noted at the upwind edge of the upwind building and recirculating vortex forms within the 
canyon. With pitched roofs, vortex does not form, and stagnation occurs with increased pollution 
levels for configurations with pitched roofs at the upwind buildings.[35] Depending on the 
design guidelines developed for the FBCs, the roof shape can greatly influence the air pollution 
accumulation in the canyon. Modification of the building geometry is a morphology that is not 
considered a building system, but one of form and will not be considered in the research 
questions.  
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3.3 The Case for the Use of the Double Skin Facade 
In the search for energy efficiency, double-skin facades (DSFs) are assuming greater 
importance in building practice, moreover, their internal and external components can be made 
operable. They have been increasingly used in German and Belgian architecture as they permit 
natural ventilation and daylighting while keeping unwanted noise, rain and wind out of the 
building. While there are still relatively few buildings where DSFs have been incorporated, 
primarily due to the costs associated with multi-layered facades [65], DSFs are seeing increasing 
use due to their buffering characteristics and energy efficiencies for street side ventilation access 
– providing there is sufficiently adequate air quality present. 
A ventilated double façade can be defined as a traditional single façade doubled inside or 
outside by a second, essentially glazed façade. [66]. Automated equipment, such as shading 
devices, motorized openings or fans, are most often integrated into the façade. [66]. The double 
skin façade (DSF) is a building façade technology that can meet the needs of the building 
occupants for natural ventilation, thermal efficiencies, and daylighting. Furthermore, given the 
correct configuration of DSF, it can satisfy the recommendation of using vertical 
chimneys/stacks that transfer air from the canyons to higher levels above the buildings. This is 
the reason for investigating double skin facades for this research and details of the decision are 
provided next. 
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3.3.1 Double Skin Facades – Evaluation and Selection  
While the understanding of the capacity of the DSF to evacuate air at the street level 
within the zone of influence is fundamental, there remains the issue as to whether this could 
actually remove criteria pollutants from the streetscape where human interaction is being 
promoted.  
The various definitions of DSF are characterized and described in the Belgian Building 
Research Institute publication “Ventilated Double Facades” [66]. The classification takes into 
account the modes of how the facades work and introduces three criteria which are independent 
of one another:  
1) the type of ventilation (natural, mechanical and hybrid ventilation);  
2) the partitioning of the façade; and  
3) the modes of ventilation of the cavity.  
The main difference between a ventilated double façade and an airtight multiple glazing, 
whether or not integrating a shading device in the cavity separating the glazings lies in the 
intentional and possibly controlled ventilation of the cavity of the VDF [66]. The European 
standard prEN 13119:2004 “Curtain walling – terminology’ defines the terms ‘curtain walling’ 
and ‘double-skin façade’ without discussing the differences in ventilation of the cavity located 
between the two skins of the double skin façade. Consequently, the Belgian Building Research 
Institute (BBRI) classifies ‘Ventilated Double-Skin Façade’ or ‘Ventilated double façade’ as 
generic terms for this typology and does not include the structural aspect [66].  
BBRI classifies VDF’s with regard to:  
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Type of ventilation (the type of ventilation influences the thermal performance of the façade) 
• Natural Ventilation 
• Mechanical Ventilation 
• Hybrid Ventilation 
The types of partitioning of the façade are listed in Table 3.1 with pros and cons regarding their 
efficacy for interfacing with the street level and potential for providing natural ventilation: 
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  Table 3.1 Evaluation of DSF Types 
Image Description Pros Cons
Ventilated double window isolated vertically 
and horizontally
no access to 
street level and 
no access 
beyond window
Ventilated double façade 
partitioned by storey with 
juxtaposed modules
allows partitions 
to isolate 
horizontally
vertical 
partitions limit 
efficacy of 
evacuating 
street level to 
one story
Ventilated double façade 
partitioned by storey 
corridor type
open to entire 
floor
vertical 
partitions limit 
efficacy of 
evacuating 
street level to 
one story
Shaft-box type designed to 
increase stack 
effect
applied only in 
naturally 
ventilated 
double facades
Multi-storey ventilated 
double façade
cavity is wide 
enough to permit 
access for 
service. Supports 
mechanical 
ventilation as 
well as buffer 
can be too 
narrow and 
difficult to 
access, limits 
maintenance of 
each storey 
Multi-storey louver 
naturally ventilated facade
cavity is wide 
enough to permit 
access for 
service. Supports 
natural and 
mechanical 
ventilation, as 
well as buffer 
can be too 
narrow and 
difficult to 
access, limits 
maintenance of 
each storey 
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The partitioning of the façade  
• Ventilated double window – also called box window, characterized by a window doubled 
inside or outside by a single glazing or a second window as a wall infill space 
• Ventilated double façade 
o Partitioned by story 
 Juxtaposed modules – the cavity is physically delimited horizontally and 
vertically and is limited to one story.  
 Corridor type – are partitioned by story and characterized by a large 
corridor supporting maintenance ie walkable 
o Shaft-box type – the objective is to encourage natural ventilation by linking with 
an increased stack effect, and is composed of alternation of juxtaposed façade 
modules partitioned by story and vertical ventilation ducts setup in the cavity 
which extend over several floors 
o Multi-story type – facades of this type are typically naturally ventilated, however 
there are examples of facades of this type which are mechanically ventilated to 
utilize the façade as a preheat or exhaust buffer ventilation space 
o Multi-story louver type – differs from the multi-story façade in that the outdoor 
facade is composed exclusively of pivoting louvers rather than a traditional 
monolithic facade 
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There are five modes of ventilation of the DSF cavity: 
1. Outdoor air curtain – air introduced into the cavity comes from the outside and is 
immediately rejected towards the outside, creating an air curtain enveloping the outside 
facade 
2. Indoor air curtain – the air comes from inside the room and is returned to the inside of the 
room or via the ventilation system 
3. Air supply – the ventilation of the façade is created with outdoor air which is brought to 
the inside of the room or into the ventilation system 
4. Air Exhaust - the air comes from inside the room and is evacuated toward the outside 
5. Buffer Zone – the ventilations mode is distinctive as the skins of the double façade are 
airtight, with no ventilation of the cavity 
The five ventilation technology types are illustrated as follows (Figure 3.3), with the findings 
indicating only modes 1 and 3 being able to address street level air zones, but only mode 1 being 
able to bypass the building’s internal ventilation system:   
 
 
 Figure 3.3 Five DSF Ventilation Typologies, Type 1 used in research 
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Mechanically ventilated facades, or “active facades” are generally characterized by a 
single ventilation mode, the indoor air curtain, as the double skin façade is used to support the 
building’s mechanical ventilation system. The types of partitioning encountered in practice that 
are mechanically ventilated are essentially limited to double windows and to facades partitioned 
by story with juxtaposed modules [66]. 
This chapter has examined the existing body of knowledge related to urban design 
interventions in air quality issues. Within the development and consideration of the new building 
paradigm, where the building is used to remediate environmental pollutants beyond the building 
perimeter, the identification of a strategy – chimney – and an associated building system – 
double skin façade – led to the development of the hypothetical case where we can test the 
double skin building facade connected to the urban street and determine if it is possible to 
ventilate street level air pollution and facilitate mixing (based on RQ1 and RQ2 and RQ4). 
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CHAPTER 4 – DOUBLE SKIN FACADE MODELING 
The approaches to study the interaction of wind, air quality, and buildings, within the urban 
context employs two basic methodologies.  
• Numerical analysis through the use of computational fluid dynamics (CFD).  
• Wind tunnel tests for individual building wind engineering and urban air pollutant 
distribution studies.  
The advantage of using CFD is that it is generally less expensive than wind tunnel tests 
for less demanding tasks. CFD results are evaluated and validated with wind tunnel studies. CFD 
is, however, a highly useful first order tool in and of itself, and is capable of producing 
visualizations of quantitative information [67].  
In this chapter the modeling methods, both analytical and qualitative, are presented. 
Numerical CFD results are evaluated by varying conditions in same model. Verification of the 
hypothesis utilized a CFD model as a test of the model DSF system to prove that it met the street 
canyon evacuation requirements. Qualitative experiments in a modified urban boundary wind 
tunnel were used to evaluate and verify the CFD model, and control studies were conducted in 
the wind tunnel to validate that the DSF system performed as designed. 
 
4.1 Analytical Methods of Calculating the Magnitude of Airflow in Double Skin Facades 
The cavity in double skin facades is either naturally or mechanically ventilated (Section 
3.3.1). For naturally ventilated DSFs air is brought into the cavity and exhausted by two means: 
wind pressure and/or the stack effect [68]. However, there is a tendency for stack-driven and 
wind-driven pressures to be counteractive and not additive. Furthermore, this requires the DSF to 
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be south facing to maximize the thermal buoyancy. In urban environments, natural ventilation 
systems can experience noise transmission and convey pollution if it is the only source of fresh 
air intake for the building. In areas of poor air quality, a building’s mechanical ventilation system 
will be required to reduce the influence of outside air. 
The main airflow modelling methods [69] are characterized as follows:  
A. Zonal Airflow Network (AFN) is linked to whole building modeling and includes the 
building’s HVAC system. AFN provides a simulation of coupled building heat, gas and air 
transfer systems models [70]. In this research, we are seeking to identify whether the DSF has 
sufficient air transfer and flow rates in order to evacuate the urban street canyon. The boundary 
selection is limited to the DSF system.  The building HVAC is required for ordinary ventilation 
and conditioning for thermal comfort for the building occupants and should not be utilized to 
uptake and exhaust criteria air pollutants beyond the building perimeter. Therefore, AFN 
simulation was not used in this research.  
B. Building equilibrium equations estimate how a system achieves a state of equilibrium. Air 
flows from a space with high pressure to one with low pressure if the two spaces are linked. 
There are three main causes for pressure differences: 1) pressure caused by mechanical 
differences, 2) pressure differences cause by thermal buoyancy, 3) pressure differences caused 
by the action of the wind [69]. 
Thermal buoyancy or uplift is also called the stack effect. Warmer air rises and cooler air 
sinks because warmer air is less dense than cooler air. As a result of insolation, the air in the 
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intermediate space in the Double Skin Façade becomes warmer than the outside air. When the 
DSF is connected to the outside air via openings at the top and the bottom, pressure equalization 
occurs. There will be excess pressure at the top and negative pressure at the bottom of the 
airspace within the DSF. The magnitude of thermal uplift ∆𝑝𝑝th depends solely on the mean 
temperature difference multiplied by the effective uplift height [65]:  
Equation 4.1    ∆𝑝𝑝th =  ∆𝑝𝑝1 × 𝑔𝑔 × ∆ℎ ×  ∆𝑡𝑡m [𝑃𝑃𝑃𝑃]  
 
Where: 
∆𝑝𝑝1   specific change in air density with temperature change in kg/m3 K 
𝑔𝑔   acceleration due to gravity [m/s2] 
∆ℎ   effective uplift height [m] 
∆𝑡𝑡m  mean excess temperature [K] 
 
In the case of the urban street canyons, wind flow demonstrates a skimming effect above 
the roofs of the building and the typical portion of the airstream that would encounter the 
building façade will not necessarily create a state of excess pressure or stagnation pressure 𝑞𝑞 and 
can be ignored. Stagnation pressure is found by: 𝑞𝑞 = 𝜌𝜌/2 × 𝑣𝑣2 [Pa] where 𝑞𝑞 is the stagnation 
pressure, 𝜌𝜌 is the density of the air in kg/m3, and 𝑣𝑣 is the wind speed in m/s. Since pressure 
differences are proportional to the square of the wind speed, the stagnation pressure 𝑞𝑞 is used as 
a reference value.  
Calculating the magnitude of the airstream within the DSF is straightforward. The 
pressure differences between the upper and lower openings are forces acting on the areas of the 
openings, and the force is the product of the pressure difference taken in relation to the opening 
area. This force pushes enough air through the opening to equalize the resistance caused by the 
throughflow so that equilibrium is attained. The continuity equation is found from air throughput 
which will remain constant within the system if no air is diverted for other purposes. Vin=Vout or 
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Ain × vin = Aout × vout where V is the local airflow volume in m3/s, A is the local opening area in 
m2, and v is the local air speed (derived from A) in m/s. The continuity equation also applies to 
mechanical ventilations systems. 
In urban conditions, air currents are primarily turbulent. Turbulence happens when the 
forces of inertia dominate in the airstream. The Reynolds number Re index value is used in urban 
climatological models to identify incidence of turbulent phenomena. The Reynolds number 
describes the relationship between air speed v, length L, and the kinematic viscosity of the fluid 
(in this case air) 𝜈𝜈air. 
Re=v × L/ 𝜈𝜈air (typical air temperature 𝜈𝜈air=15.5 × 10-6 m2/s). The Reynolds number describes 
the relationship between the force of inertia and the frictional force. The critical value above 
which turbulence occurs in a DSF is approximately Recrit = 10,000 to 20,000 [65].  
Typically, DSFs exhibit laminar flows when the airflow speed through the openings is 
low (typically less than v≈10cm/s). In laminar air flow, friction forces prevail over inertial flows 
and friction is proportionately dependent on airflow speed which can lead to rapidly increasing 
resistance/drag coefficients with a concurrent decrease in speed. In such cases, the general 
equilibrium methods may be insufficient and scale trials or CFD simulations may be necessary 
[65].  
C. CFD Analysis in practice and in the building physics domain, poses several problematic 
issues, of which the amount of necessary computing power, the nature of the flow fields and the 
assessment of the complex, occupant-dependent boundary conditions are the most problematic. 
“This has often led to CFD applications being restricted to steady-state cases or very short 
simulation periods” [71]. CFD simulation, however, has become very popular because of its 
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capability to model particular details of the temperature fields and airflow patterns. Detailed 
analysis of air flow patterns, energy flows and temperature distribution are only possible with 
CFD. Boundary conditions must be carefully set as they have a substantial effect on the results 
[72]. 
While numerical analysis is widely used for wind flow and air pollutant dispersion in 
urban areas, there are always questions that arise with respect to evaluating the model and real-
world predictions. It is an established procedure to evaluate the numerical analysis with 
observable data that is initiated with wind tunnel analysis and later in real world data gathering 
[73]. 
4.1.1 Wind Tunnel Analysis 
Wind tunnel analysis is typically used in urban air pollutant dispersal studies. It is 
important to note that although urban boundary layer studies take into account Reynolds 
roughness factors, it has been found that there is Reynolds-number independence of turbulent 
flow and pollutant dispersion in scaled building models [74]. Reynolds-number independence 
can be expected to model urban areas as long as the critical values of roughness and height 
separation of the flow from the model were satisfied [75]. Reynolds numbers were not calculated 
for this research, as the experimental model met the critical values of roughness and the urban 
boundary layer modifications met the height separation of the flow. 
It has also been shown that wind tunnel studies correspond well to results obtained in the 
atmosphere by means of large eddy simulations (LES) so that they can be used with confidence 
for modelling urban situations. “The most important modelling requirement is the establishment 
of a nature-like boundary layer along the wind tunnel floor.” [76]. 
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Typically, an urban boundary layer wind tunnel simulation will also include a fetch of 
roughness elements. The wind tunnel available for this study was adapted to include elements 
that simulated urban boundary layer conditions. 
4.2 Preliminary CFD Approach for Analyzing DSF  
The general approach to analyzing flow, temperature, and energy simulations (Figure 4.1) 
of the DSF was developed and presented at conference [77]. It begins with the construction of a 
CAD model of the desired section. For sectional analysis, only the area of interest needs to be 
modeled. The finished model is then sent to preprocessing software for meshing (Figure 4.2) and 
overall preparation for the flow analysis. For more complex 2D constructs an unstructured grid 
of triangles are typically used to allow for flexibility within the mesh. From the meshing 
software, the model is exported to the particular CFD software of choice. Once all the 
initializations are complete, the desired output for the particular model can be simulated, 
providing better insight into the flow and temperature in the environment. 
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Figure 4.1 Flow chart of the simulation process 
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4.2.1 Computational Model 
For this research, preliminary studies of a singular DSF were completed using FLUENT. 
The meshing software GAMBIT was used to create a meshed grid consisting of triangular 
elements. Constructing an adequate mesh is necessary for the analysis of the DSF, since the 
accuracy of the final simulation will be dependent on the meshing elements within the model. In 
theory, meshes with higher degrees of detail or with higher differential in size to that of adjacent 
grid elements are given a lower meshing ratio,  (i.e. more elements). This allows for higher 
accuracy for the mesh of the building space within and immediately bordering them. By 
lessening the overall mesh count, some of the burden of the processing power required by the 
CPU is alleviated. Once the preprocessor meshing is complete, the model is imported into the 
CFD package. 
 
 
  
Figure 4.2 (Left) Section view of building before meshing (Right) after meshing 
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4.2.2 FLUENT and Boundary Conditions for DSF Analysis 
 
  
The values for the initial materials set used in the preliminary DSF FLUENT simulation 
are given in Table 4.1. For all flow problems simulated in FLUENT, equations for conservation 
of mass and momentum are solved, as well as conservation of energy when flow involves heat 
transfer or compressibility [78]. In the preliminary passive analysis of the DSF, the only energy 
inputs used were natural convection wherein any fluid motion is caused by natural means such as 
the buoyancy effect [79]. As discussed earlier, natural ventilation is driven by wind speed and 
conductive and radiative heat gain. In this case a realizable κ-ε model was used to better 
approximate the turbulent nature of the air within the DSF. The Boussinesq approximation was 
 
Figure 4.3 Radiative Heat Transfer 
 
Table 4.1 Material Properties for DSF in FLUENT 
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selected, as the initial condition was a natural convection problem, and this obviated the need to 
solve for the full compressible formulation of the Navier-Stokes equations. Due to semi-
transparent glazing used as the second facade in the preliminary DSF design, the discrete 
ordinate (DO) radiation model was used, which was capable of solving for the absorption, 
emission, and scattering in the air column (Figure 4.3) [79].   
The two main sources of heat gain in the DSF system were from the adjacent thermal 
conditions and insolation. The simulations utilized weather data obtained from the National 
Oceanic and Atmospheric Administration’s (NOAA) database for Oklahoma City, Oklahoma.  
4.3 Selected Preliminary DSF Airflow and Temperature Analysis 
In the preliminary analysis of air flow through a DSF, CFD flow analysis was performed 
for a building without a DSF as well as a building with a DSF (Table 4.1, images courtesy of 
ASME). All the simulations in this flow analysis assumed that no other constructs surround the 
building; therefore, there is no obstruction of air moving towards the model. In both cases of the 
building (with and without the DSF), the wind speed along the building face is increasing along 
the height, however, in the case with the DSF, the cavity between the inner and outer glazing 
allows the air to pass through at a much slower rate. The flow alongside the building face, 
whether there is a DSF or not, is strongly correlated to the convective heat transfer coefficient. In 
order to reduce the heat loss or gain by convection, designs can be made to slow the air down, in 
turn reducing the convective heat transfer coefficient, allowing the inner glazing to be opened on 
higher rooms. Without the DSF as an intermediary, the openings between the inner and outer 
environment would not be possible due to the excess amount of turbulence that would occur 
within the rooms [77].  
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A comparative flow analysis was performed for a building with no DSF as well as a 
building with a DSF. For the model without the DSF (Figure 4.4, left), the velocity gradient at 
the base, which would be at street level, shows minor recirculation and no mixing with the upper 
level air mass flows. For the model with the DSF (Figure 4.4, right), the velocity gradient at the 
base of the DSF, which would be a street level, shows less recirculation and more flow in to the 
DSF and mixing with the upper level air mass flows. 
Figure 4.5 illustrates the geometry of the inlet and outlet of the DSF that was analyzed. 
The inlets and outlets allow for control of air intake into the DSF cavity (as well as into the 
building depending if they were integrated into the overall design). While it is necessary for 
inlets and outlets to be placed in the outer glazing to be considered a twin face system, openings 
in the inner glazing are not mandatory and were not the typology selected for the study. Double 
skin facades are typically analyzed as a means of enhancing the energy saving capabilities of 
buildings. Those energy analyses are not part of this research. 
Figure 4.4 Velocity profile for a building without a DSF (left) and with a DSF (right) 
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Figure 4.5 Cross-sectional view of the inlet (top row) and outlet (bottom row) for air into 
the DSF cavity 
4.4 Vegetated Biofilter Integration – Vegetated Biofilter to Ameliorate Air Pollutants 
While mechanical filtration systems are available to mitigate particulates, the solutions 
presently used in buildings to reduce CO2 and other VOCs, are simply to flush the building with 
outside air. If the DSF is to function as a filtration/mixing system, the VOCs that are present 
must be removed prior to being used for natural ventilation of the buildings. Aside from matters 
of initial construction costs, one of the primary reasons why DSFs have had little impact in the 
United States is because they do not effectively filter air pollutants, which is especially troubling 
if they are to be used for fresh air intake.  
The suggestion of plant integration into a DSF has been proposed for thermal mitigation; 
however, the suggestion that the plants also create a functional component to filter the air has 
not. “Using plants in building walls is a bioclimatic strategy to obtain savings in building energy 
consumption, between other important benefits of aesthetic, psychological and economic origins. 
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The plant, as a living component of the facade, responds to the environment conditions in a very 
complicated way.” [80].  
It is necessary to evaluate the ecological system of the vegetated biofilter or active green 
wall that would be integrated into the double skin. Basically, green walls are divided into two 
types: 1) ornamental types such as those designed by Patrick Blanc and 2) active air bio-filtration 
systems such as those produced by the company NEDLAW International (Figure 4.4). 
NEDLAW’s research includes those NASA experiments [81] with Biosphere I & II in 1984 and 
1989 [2]. Soreanu, Dixon and Darlington have published “Botanical Biofiltration of Indoor 
Gaseous Pollutants – a Mini Review” [82]. They treat a planted wall as a “biological purifier” 
which is used to describe any device including a biological component (botanical and/or 
microbial) used for VOC removal; “botanical purifier” was also used to specifically describe 
devices using plants and their associated symbiotic root microorganisms. Classical systems were 
   
Figure 4.6 NEDLAW Vegetated Biofilter, City of Cambridge Civic Center 
Cambridge, ON (left) with air permeable grow board (middle) and water recirculation 
well (right) 
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named according to the conventional air treatment nomenclature [82]. Their additional research 
has shown that VOC removal works through mechanisms within the biofilm that developed in 
the hydroponic grow board media and the root microbial colonies of the biofilter [83].  
In the active green wall, the air permeable grow board is specifically selected for weight 
and hydroponic growth of the biofilter’s plants. The media has a positive bulk density to pore 
space ratio allowing it to have internal space available for both the water and air which is needed 
for plant growth. Furthermore, the ratio of water holding capacity to available air spaces is part 
of the proprietary selection of media. Porosity not only allows for good air movement but also 
good drainage. Lastly, the media has a low bulk density which reduces it’s mass load on the 
building structure. During installation, hydroponic rooting material has weights of less than an 
ounce per quart of volume compared to the soil mixes that are typically on the order of a pound 
or more per quart. 
The plants used in the living wall biofilters fall under the general category of “foliage” 
plants. The major groups of plants include Ficus spp., Dracaena spp., Philodrenon spp., and 
Syngonium podophyllum. Each “type” of plant includes a number of species and/or varieties 
meaning there are more than 30 different types of plants that are typically used in any gven 
installation.  
Plants are selected based on several criteria. First, plants are selected based upon their 
ability to form good relationships with the beneficial root microbes that do the actual remediation 
of air pollutants in the indoor air. Second, plants are selected that tolerate the unique conditions 
of the vertical hydroponic system. The indoor air biofilters tend to focus less on the smaller 
herbaceous material than other plant wall systems. Third, the plants are selected that also match 
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the specific conditions of each installation in terms of light, temperature, and water conditions. 
Fourth, plants are selected based upon design form. Leaf color, shape, and texture give the wall 
its distinctive look. Plant size is also taken into account in the design. Varying plant size gives 
the wall more visual depth. Large walls can easily handle plants over 3 feet (1 meter) in height 
which would be inappropriate on a smaller wall. Because of the differences in size, each plant 
covers between 1/2 to over 3 square feet (0.05 and 0.30 square meters) of wall area. This gives a 
final typical plant density of approximately one plant for every 1.3 square feet, providing 70 
percent coverage of the biofilter immediately after planting [84]. 
The biofilter reduces concentrations of toluene, ethylbenzene, and o-xylene concurrently 
present at parts per billion (volume) in indoor air. “The greatest reduction in concentrations per 
pass was under the slowest influent air flux (0.025m/s); however, the maximum amount removed 
per unit time occurred under the most rapid flux (0.2m/s)”[85]. Furthermore, the biofilter was 
found to remove formaldehyde and toluene effectively for over 300 days of test period [82]. 
“Most botanical biofiltration process involves five main mechanisms: rhizosphere 
biodegradation (by microorganisms), phytoextraction (plant-liquid extraction), stomatal uptake 
(plant-gas extraction), phytodegradation (via enzymatic catalysis inside tissues), 
phytovolatilization (directly by evaporation from leaves or indirectly by plant transpiration)” 
[82]. In the biofilter, the interactions among plant-microorganism-pollutant are due to the fact 
that rhizosphere microorganisms support plant life. Essentially, botanical biofiltration 
performance depends on the interactions among pollutants–plants–microorganisms.  
It is important to note that the NEDLAW system removes only VOCs. The nature of the 
system is that the growing medium and leaf/root structures of the plant systems do not capture 
particulates. However, additive alternatives have been developed including a system called 
  
66 
 
CityTree by Green City Solutions that utilizes mosses [56]. While the system cannot operate 
year-round due to seasonal requirements, the system has been found to have 56-86% reduction of 
PM10, 26-46% reduction in PM2.5 and 20-53% reduction in PM1 at a constant air flow of 5.5 
m3/min.  
A combination filter of the NEDLAW and CityTree housed within the “greenhouse” of 
an external DSF – building exterior closure as first façade with a second glazed outer façade 
creating the DSF - could be an effective system for amelioration of criteria air pollutants. Figure 
4.5 Shows the hypothetical construct used to test the research questions. 
 
 
Figure 4.7 Diagram of conceptual DSF with integrated vegetated biofilter 
  
67 
 
CHAPTER 5 SIMULATION AND EXPERIMENTAL RESULTS FOR 
REMOVING POLLUTANTS 
Elements for this chapter were published in a peer reviewed conference proceeding: 
Fithian, Lee. 2018. “The Double Skin Facade: Enhancing Air Quality in Urban Canyons" Pgs. 
563-568.” In SKINS on Campus BRIDGING INDUSTRY AND ACADEMIA IN PURSUIT OF 
BETTER BUILDINGS AND URBAN HABITAT, 1:726. Los Angeles, USA: Tectonic Press. 
https://facadetectonics.org/wp-content/uploads/2018/03/Facade-Tectonics_2018-World-
Congress_Proceedings_Vol-1_Compressed.pdf. 
 
The DSF system, without the integrated biofilter, has been filed under provisional patent 
number 62/576,947 with the name “Apparatus and Method for Enhancing Air Quality in 
Urban Street Canyons”. 
 
For purposes of answering the research questions, we developed several experiments to 
test the following hypothesis: coupling the building facade and the urban street to determine if it 
is possible to ventilate street level air pollution and facilitate mixing and can vegetated biofilters 
effectively remove air pollution within a building façade DSF system under established operating 
parameters while ventilating street level air? 
To test the hypotheses, it was necessary to model the double skin façade airflow 
perpendicular to the urban canyon as this was the most extreme system exhibiting the least 
amount of mixing. The DSF building system interfaces directly with the urban street canyon and 
can function in isolation of other building systems while evacuating air pollutants from the street 
canyon. The model included windward and leeward applications of the system, to determine 
airflow ventilation. When decoupled from the building environmental volumes and buoyancy 
effects, it was established that mechanically assisted ventilation was necessary. All analysis is 
conducted visually through video capture. The formation of a street canyon vortex is taken as an 
initial condition and subsequent removal of the tracer smoke source as evidence of evacuation.  
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Identification of removal airflow rates will then be compared to functional operating 
parameters of the vegetated biofilters to determine effective mass flow rates and their efficacy. 
 
5.1 CFD Analysis of the DSF and Urban Street Canyon 
5.1.1 Modeling Assumptions 
The use of CFD analysis was initially used to model the DSF and canyon interaction.  
When coupling the building DSF and the urban canyon it should have been possible to establish 
if there is enough capacity to ventilate street level air pollution and facilitate mixing.  
Initial studies utilizing the DSF in an urban street canyon using FLUENT were 
problematic. The scale changes between the street canyon and the DSF were such that GAMBIT 
would either enclose the DSF inlet and outlet preventing studies of airflow from the street 
canyon through the DSF, or the complex geometry and large variance in the grid cell size 
prevented GAMBIT from meshing the geometry, and failed attempts to mesh and perform 
external flow analysis in FLUENT. It was important to note that the computer processing power 
(i5 quad cores) in the lab machines used, and the current  FLUENT license models cannot be 
solved when nodes and cells exceed 512k, which could easily have caused GAMBIT to crash 
when meshing the detail necessary for the boundary conditions used to model the DSF in relation 
to the airflow and thermal properties of the street canyon. Although simulations in research 
centers have used CFD techniques have been used to simulate airflow and temperature fields 
using approximately 5 billion computational grid cells [86], these resources were not available 
for this research, and it was decided to simplify the geometry and analysis system.  
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In the context of the urban streetscape, there is no guarantee that the street canyon will be 
perfectly oriented, allow for free flow of air (in fact, the issue at hand is that there is no free flow 
but rather recirculating vortices in street canyon proportions), nor guarantee as to which side of 
the street, windward or leeward, the system will be oriented. Without these optimized locations 
and orientations within the streetscape, the dependence on solar insolation to encourage 
buoyancy or the stack effect cannot be established, and thermal effects can be ignored for active 
ventilation purposes. Additionally, we cannot depend upon the general temperature gradient 
within the DSF to initiate upward flow especially with the temperature inversions seen in urban 
street canyons that cause the accumulation of the air pollutants in the first place. Mechanical 
ventilation, however, can be applied at any time. The question becomes whether a mass air flow 
can be achieved at an optimized speed, that allows for comfort and minimized turbulence within 
the DSF, to evacuate air pollutants within the urban street canyon. The choice of mechanically 
assisted ventilation allowed the DSF to be decoupled from the building environmental air 
exchange and buoyancy effects. As before, the large variance in size and number of grid cells 
prevented GAMBIT from meshing the geometry and simple airflow analysis could not be 
performed in FLUENT. The approach to the CFD analytical solution became one of utilizing the 
proportional nature of the street canyon to building height and understanding the skimming 
effect and the lack of air exchange within the street canyon.  
“In fluid mechanics, non-dimensionalization of the Navier–Stokes equations is the 
conversion of the Navier–Stokes equation to a nondimensional form” [87]. This can simplify the 
analysis of the problem and reduce the number of free parameters. Scaling of the Navier–Stokes 
equation refers to the process of selecting the proper spatial scales – for a certain type of flow – 
to be used in the non-dimensionalization of the equation. Since the resulting equations need to be 
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dimensionless, a suitable combination of parameters and constants of the equations and flow 
(domain) characteristics must be defined. As a result of this combination, the number of 
parameters to be analyzed is reduced and the results may be obtained in terms of the scaled 
variables. 
In addition, a non-dimensionalized equation identifies the relative size of various terms 
present in the equation [88,89]. Appropriate selection of scales leads to identification of small 
terms in the equation which can be neglected. “For the case of flow without heat transfer, the 
non-dimensionalized Navier–Stokes equation depends only on the Reynolds Number and hence 
all physical realizations of the related experiment will have the same value of non-
dimensionalized variables for the same Reynolds Number”[90]. 
Preliminary analyses were then conducted utilizing a very simplistic – dimensionless 
CFD application (Algorizk, Wind Tunnel). The app assumes the case without heat transfer, 
assumes an incompressible and homogeneous fluid with non-dimensionalized Navier -Stokes 
equations with a simple velocity field in a 120x180 grid to optimize calculations. This CFD 
modeler includes attributes that can combine urban canyon morphology, façade integrated DSF 
geometry and wind speed necessary to output visualizations that helped to identify if the DSF 
could interact with the air flow in the street canyon and transport the flow above the skimming 
zone.  
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5.1.2 CFD Results of the DSF and Urban Street Canyon – Modeling Air Pollutants 
Preliminary studies utilizing the CFD modeling software focused solely on airflow 
attributes that combined urban canyon morphology, and the façade integrated DSF. The data 
generated, yielded results that the technology is sufficient to evacuate the criteria air pollutants 
from the urban canyon. The findings are illustrated in Figure 5.1.1, and were peer reviewed, 
published and presented at conference [91]. 
Table 5.1.2 illustrates the summary conditions of the relationship between the urban 
canyon and the perpendicular airflow. In Condition 1 we see the skimming flow regime that 
occurs over urban canyons and is demonstrated by the visualization of the airflow and simple 
urban forms with streetscape in the CFD application. Condition 2 illustrates the accumulating 
condition that occurs in the urban canyon as the skimming regime that creates the boundary layer 
and does not interact with the streetscape air source. Condition 3 illustrates the introduction of a 
leeward side DSF with mechanical ventilation assist, demonstrating mixing of the boundary air 
and evacuation of the streetscape air source. Finally, Condition 4 illustrates the introduction of a 
windward side DSF with mechanical ventilation assist, demonstrating mixing of the boundary air 
 
Figure 5.1.1 Proportionate Urban Canyon showing accumulating air pollutants (left) 
and Urban Canyon with DSF showing potential removal and mixing of air pollutants 
(right) 
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and evacuation of the streetscape air source. Table 5.1.1 summarizes the verification of the CFD 
model confirming the DSF evacuation of simulated air pollution in the street canyon. 
 
 
 
Qualitative Results Videos Online:  
Leeward CFD Analysis https://youtu.be/URvjHJ00R2s 
Windward CFD Analysis https://youtu.be/gJ8N1_iO-Qw 
  
Table 5.1.1 Verification of DSF Evacuation of Air Pollution 
in Street Canyon via CFD Analysis 
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Table 5.1.2 Summary CFD Results of DSF and Urban Canyon 
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5.2 Wind Tunnel Analysis of the DSF and Urban Street Canyon 
The issue with the simplified CFD tool, however, is that the simplified grid tended to 
obtain absolute convergence of the solutions. At this point, evaluation and validation of the CFD 
results was necessary and based on previous studies, a physical model of the system was 
analyzed in a boundary layer wind tunnel. 
The experiments were performed in the OU AME Student Wind Tunnel [92]. The wind 
tunnel has a test section 36”x36”x36” and was modified to create a scaled analogue to 
demonstrate visually the stratification of the boundary-layer flow as seen in Figures 5.2.2 and 
5.2.3. The boundary layer depth varied slightly with each of the experiments. Maximum flow 
speed in the tunnel was 3.76 m/s. For all studies, the height of the buildings forming the canyon 
was 12 cm, and the length was 60 cm. The distance between the buildings was chosen to be 12 
cm. This corresponds to the canyon aspect ratio of 1:1 and to the length-to-depth ratios equal to 5 
 
Figure 5.2.1 Wind Tunnel Diagram 
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for a short canyon. In all experimental configurations, the external wind flow has been directed 
perpendicular to the axis of the canyon seen as green laser axis in Figure 5.2.4.  
The boundary layer was generated at the entrance to the test section by two panels at the inlet 
and extending just to the test section. The vertical profile was approximately 26 cm.  
  
 Figure 5.2.2 Wind Tunnel Boundary Layer Modification Inlet View 
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The street canyon model followed the experimental setup in “Wind-tunnel Study of 
Concentration Fields in Street Canyons”[93]. A ceiling mounted collimated laser was used to 
maintain geometric alignment of the model and center the DSF within the test section. The laser 
also highlighted that portion of the smoke vortex turbulence for video graphic capture. 
 Figure 5.2.3 Wind Tunnel Boundary Layer Modification Side View 
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Flow measurements in the tunnel were conducted using a hotwire anemometer. 
Turbulence characteristics were video captured to determine whether the simulated DSF was 
interacting with smoke sources within the canyon and evacuating. In parallel to the flow and 
turbulence captures, multiple types of passive tracer gases were used to simulate accumulating 
air pollutants and buoyancy characteristics within the urban canyon. Ambient temperature within 
the testing area was approximately 90oF (32oC). 
At a 1:200 scale, the DSF was simulated by a scaled opening (1.25 cm x 4 cm) in the 
middle of the block at the base of the “building” block and another matching opening (1.25cm x 
4 cm) at the top as seen in Figure 5.2.5. The intent was to mimic a full-faced DSF across a 
typical building (lot size 50 feet) located mid-block.  
Typical DSF are 36” in depth. At 1:200 scale this would have been too small to be 
effectively modeled, hence the bottom and top openings were chosen to simulate the effect. Loss 
of fan efficiency due to the small openings necessitated the larger fan seen in the middle of the 
model. The fan was coupled to a rheostat and flow speeds were measured with a hotwire 
anemometer.  The inlet and outlet speeds of the simulated DSF are shown in the Table 5.2.1. 
  
Figure 5.2.4 Alignment of Model in Floor of Wind Tunnel with Collimated Laser 
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Differences in ¾ speed and full speed are minimal due to pressure loss between the blocks, 
hence, all studies were conducted with DSF operating at full speed.  
 
 
 
 
 
 
Table 5.2.1 Measured Air Flow Rates of DSF Model Inlet and Outlet 
  
  Inlet (m/s) Outlet (m/s) 
Quarter speed  3.1 0.81 
Half speed  4.32 1.04 
Three quarter speed  5.03 1.53 
MAX  5.03 1.30-1.53 
 
Figure 5.2.5 Closeup of Urban Canyon DSF Model with Inlet/Outlet 
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5.3 Experiment 1 – Vaporized water and glycol-based fluid  
A vapor machine was placed to inundate the urban canyon to determine max times for 
evacuation. Wind Tunnel speed set at 3.76 m/s. Flow speed of DSF was set at MAX. The 
vaporized water and glycol-based fluid was used to simulate the trapped boundary layer 
condition. The vapor machine was placed at the end of the “street” of the model to be able to 
record the entire street canyon and its evacuation. The vapor exhibited buoyancy characteristics. 
Initial recirculation is very prominent as can be seen in the still taken at 0:38s. Street canyon 
cleared at point 0:50s of the video. 
 
Qualitative Results Video online https://youtu.be/CWRMoAcV_KQ 
 
  
Figure 5.3.1 Experimental Setup for Hot Smoke 
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Figure 5.3.2 Hot Smoke 0:31s DSF ON Recirculating Vortex Beginning to Form 
Figure 5.3.3 Hot Smoke 0:34s DSF ON Vortex Flow Taking Shape 
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Figure 5.3.4 Hot Smoke 0:38s DSF ON Vortex Flow Still Apparent but DSF 
Clearing 
Figure 5.3.5 Hot Smoke 0:42s DSF ON Additional Smoke Enters Canyon 
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Figure 5.3.6 Hot Smoke 0:46s DSF ON Canyon Nearly Cleared Skimming Seen 
Figure 5.3.7 Hot Smoke 0:50s DSF ON Canyon Cleared, Skimming Seen 
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In Experiment 1, a video named "Hot Smoke Works" was created of length 1:15s. 
Vaporized water and glycol-based fluid was used with a 400W fog machine to simulate the 
pollutant source. At time 0:04s, the DSF Fan was turned on, and at approximately 0:21s mixing 
was observed. Additional smoke was generated due to the nature of the machine generating the 
smoke at 0:22s, 0:26s, 0:28s, 0:42s time marks. The video sequence shows the canyon vortex 
beginning to form at time mark 0:31s, the vortex flow and movement toward the DSF is visible 
at 0:34s and at 0:38s the vortex flow is still visible, and it is apparent that the DSF is clearing the 
canyon. At 0:50s the canyon is cleared, skimming can be seen, and at the 0:54s time mark the 
model canyon is cleared and skimming continues.  
The development of the wind tunnel testing was to establish whether the street canyon 
could be evacuated by the scaled DSF model with regard to RQ2- How can the building system 
ventilate street level air pollution and facilitate mixing? Additionally, the wind tunnel setup and 
scaled street canyon with integrated DSF was the experimental setup that represented the 
Figure 5.3.8 Hot Smoke 0:54s DSF ON Canyon Cleared, Skimming Continues 
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hypothesis that when coupling the building facade and the urban street is it possible to ventilate 
street level air pollution and facilitate mixing (methodology to analyze RQ1 and RQ2 and RQ4). 
Table 5.3.1 summarizes the verification of the wind tunnel model confirming the DSF 
evacuation of simulated air pollution in the street canyon. 
 
  
Table 5.3.1 Verification of DSF Evacuation of Air Pollution 
(Vapor/Glycol) in Street Canyon via Wind Tunnel Analysis 
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5.4 Experiment 2 – Dry Ice Vapor used to simulate trapped boundary layer condition  
Hot smoke sources exhibited too much buoyancy even with ambient temperatures 90oF. 
A Dry Ice container was placed offset to DSF to show evacuation of pollutants generated at 
locations furthest from DSF. Wind Tunnel speed set at 3.76 m/s. Flow speed of DSF was set at 
MAX. 
Dry Ice Vapor was used to simulate trapped boundary layer condition as the dry ice vapor 
stayed closer to the street level of the model. This vapor started to exhibit recirculation but was 
quickly disrupted by DSF. Wind Tunnel speed set at 0 m/s. Flow speed of DSF was set at MAX.  
 
Qualitative Results Video online https://youtu.be/Xj3bGvGPsQE 
Figure 5.4.1 Dry Ice Vapor Experimental Setup 
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Figure 5.4.2 Dry Ice Vapor 0:05s Vapor Gathers in Canyon 
Figure 5.4.3 Dry Ice Vapor 0:10s Vapor Gathers in Canyon 
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Figure 5.4.5 Dry Ice Vapor 0:16s DSF Fan ON, Vapor Seen Entering DSF 
Figure 5.4.4 Dry Ice Vapor 0:15s DSF Fan ON, Vapor Seen Entering DSF 
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Figure 5.4.6 Dry Ice Vapor 0:21s DSF ON Vapor Still Seen Entering DSF 
Figure 5.4.7 Dry Ice Vapor 0:50s DSF OFF Vapor Seen, Canyon Cleared  
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In Experiment 2, a video named "Dry Ice Vapor Works"" was created of length 0:55s. 
Dry Ice was used to create a visible vapor at street level with a boundary layer produced in the 
wind tunnel at 3.8 m/s.  At the 0:05s time mark the dry ice vapor can be seen gathering in the 
model canyon, this is further shown at the 0:10s time mark. At the 0:15s time mark the DSF was 
turned on and dry ice vapor can be seen entering the DSF, which is further shown at the 0:16s 
time mark. At the 0:21s time mark the DSF is still on and the dry ice vapor is still seen entering 
the DSF. At the 0:38s mark the DSF fan is turned off and as the fan slows the dry ice vapor is 
seen filling the model canyon again. Table 5.4.1 summarizes the verification of the wind tunnel 
model confirming the DSF evacuation of simulated air pollution in the street canyon. 
 
  
Table 5.4.1 Verification of DSF Evacuation of Air Pollution 
(Dry Ice) in Street Canyon via Wind Tunnel Analysis 
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5.5 Experiment 3 – Cold Smoke Generator Used to Simulate Trapped Boundary Layer 
Condition 
A cold smoke device (wood chips burned in a chamber and smoke exited through a 
cooling tube) was used to simulate trapped boundary layer condition as the cold smoke stayed 
closer to the street level of the model. This smoke exhibited recirculation. The cold smoke outlet 
was placed offset to the DSF inlet to show evacuation of pollutants generated at locations 
furthest from DSF. Wind Tunnel speed set at 3.76 m/s. Flow speed of DSF was set at MAX. 
 
Qualitative Results Video Online https://youtu.be/dH7NMjcqXdU 
Figure 5.5.1 Cold Smoke Experimental Setup 
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Figure 5.5.2 Cold Smoke 0:02s Smoke Entering Canyon 
Figure 5.5.3 Cold Smoke 0:05s Smoke Entering Canyon 
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Figure 5.5.4 Cold Smoke 0:07s Smoke Starting Recirculation Vortex 
Figure 5.5.5 Cold Smoke 0:09s Smoke Entering Recirculation Vortex Apparent 
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Figure 5.5.6 Cold Smoke 0:12s DSF FAN ON Vortex Breaking Up Entering DSF 
Figure 5.5.7 Cold Smoke 0:14s DSF FAN ON Vortex Continuing to Dissipate and 
Drawn into DSF 
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Figure 5.5.8 Cold Smoke 0:16s DSF FAN ON Vortex Dissipating and Smoke 
Directly Drawn into DSF 
Figure 5.5.9 Cold Smoke 0:20s DSF FAN ON Vortex Gone and Smoke Directly 
Drawn into DSF 
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In Experiment 3, a video named "Cold Smoke Works" was created of length 0:29s. A 
piece of equipment that burned wood chips and then cooled the smoke was used in the urban 
canyon model within the wind tunnel boundary layer. This “cold smoke” did not exhibit the 
buoyancy characteristics of the heated glycol vapor so was ideal for demonstrating the 
recirculation and function of the DSF. At the 0:02s time mark, the cold smoke is seen entering 
the canyon. At the 0:05s time mark the cold smoke can be seen continuing to fill the model 
canyon, and at the 0:07s time mark the smoke can be seen starting to develop the recirculation 
vortex. At the 0:09s time mark, the smoke is continuing to fill the model canyon and 
recirculation of the vortex is readily apparent.  
The DSF fan was turned on at the 0:12s time mark, and it can immediately be seen that 
the recirculation vortex is breaking up and entering the DSF. At time marks 0:14s and 0:16s the 
Figure 5.5.10 Cold Smoke 0:27s DSF FAN OFF Canyon Smoke Rebuilding 
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recirculation continues to break up, entering the DSF and dissipating. At time mark 0:20s 
recirculation of the cold smoke is almost completely cleared, and remaining smoke being 
generated is being drawn toward the DSF. At time mark 0:27s recirculation of smoke is cleared, 
and DSF is turned off. Table 5.5.1 summarizes the verification and validation of the wind tunnel 
model confirming the DSF evacuation of simulated air pollution in the street canyon. 
 
 
  
Table 5.5.1 Verification and Validation of DSF Evacuation 
of Air Pollution (Cold Smoke) in Street Canyon via Wind 
Tunnel Analysis 
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5.6 Experiment 4 – Dry Ice Vapor and Jet Boundary Layer 
Due to variable speeds within wind tunnel, which affected the development of the 
boundary layer, an extreme test was set up using a jet source to achieve higher speeds (10 m/s) at 
23 cm above the street level of the DSF. Dry Ice Vapor was used to simulate the trapped 
boundary layer condition. Dry Ice container was placed offset to DSF to show evacuation of 
pollutants generated at locations furthest from DSF. Jet funneled glycol vapor was used for 
visual identification of separation of the urban boundary layer. Wind Tunnel speed set at 1 m/s. 
Flow speed of DSF was set at MAX.  
 
Qualitative Results Video online https://youtu.be/sNcaXAMPUa0  
Figure 5.6.1 Dry Ice and Jet Boundary Layer Experimental Setup 
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Figure 5.6.2 Overall :02s Dry Ice Vapor Gathering in Canyon 
Figure 5.6.3 Overall :05s Boundary Layer ON, Dry Ice Vapor Gathering in Canyon, 
DSF OFF 
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Figure 5.6.4 Overall :17s Boundary Layer ON, Dry Ice Vapor Entering DSF, DSF 
ON, Boundary Layer Smoke Mixing 
Figure 5.6.5 Overall :21s Boundary Layer ON, Dry Ice Vapor Entering DSF, 
Canyon Dry Ice Vapor Cleared, DSF ON, Boundary Layer Smoke Mixing 
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Figure 5.6.6 Overall :28s Boundary Layer ON, Canyon Dry Ice Vapor Cleared, DSF 
ON, Boundary Layer Smoke Mixing 
Figure 5.6.7 Overall :40s Boundary Layer OFF, Dry Ice Vapor Gathering in 
Canyon, DSF OFF 
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In Experiment 4, the first simulation control test, created a video named "Overall Viz" 
was created of length 0:50s. Heated glycol vapor was used with a simulated boundary layer jet 
running at 10 m/s. This was to test the development of a true boundary layer within a wind 
tunnel that did not achieve speeds in excess of 3.7 m/s. Dry Ice Vapor was used to simulate 
urban street canyon air pollution. The boundary layer jet funneled glycol vapor to assist in the 
visual identification of boundary layer separation. At time mark 0:02s the dry ice vapor can be 
seen gathering in the model canyon. At time mark 0:05 the boundary layer jet can be seen.  At 
time mark 0:16s the DSF was turned on and the dry ice vapor can be seen entering the DSF 
along with slight boundary layer smoke mixing. At time mark 0:21s the DSF fan remains on and 
the dry ice vapor can be seen entering the DSF along with more boundary layer smoke mixing. 
At time mark 0:28s the DSF fan remains on and the dry ice vapor seen entering the DSF along 
with model canyon cleared. At time mark 0:38s the DSF fan is turned off. At time mark 0:40s the 
DSF fan is off and dry ice vapor can be seen gathering in the model canyon. Table 5.6.1 
summarizes the verification and validation of the wind tunnel model confirming the DSF 
evacuation of simulated air pollution in the street canyon. 
 
  
Table 5.6.1 Verification and Validation of DSF Evacuation of 
Air Pollution in Street Canyon via Wind Tunnel Analyses 
  
102 
 
5.7 Experiment 5 – Smoke Source Placed Inside DSF 
Hot smoke tracer source was used similar to HVAC ventilation tracer (wax impregnated 
cloth).  Hot smoke source was placed inside DSF to demonstrate that the pollutants were not 
being removed from the streetscape merely by lift generated by the Bernoulli principle. Wind 
Tunnel speed set at 3.76 m/s. Flow speed of DSF was set at MAX.  
 
Qualitative Results Video online https://youtu.be/FZJnnAPfhTc 
 
 
  
Figure 5.7.1 Tracer Smoke Inside DSF Experimental Setup 
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Figure 5.7.2 Tracer Smoke :02s Tracer Smoke Inside DSF, DSF OFF, Smoke 
entering Canyon 
Figure 5.7.3 Tracer Smoke :09s Tracer Smoke Inside DSF, DSF ON, Smoke drawn 
into DSF, Smoke Not Entering Canyon 
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Experiment 5 is documented in a video named "Inside Wall Works Only with Fan" with a 
length of 0:32s. For this video a hot smoke tracer source was used similar to HVAC ventilation 
tracer smoke (wax impregnated cloth). The hot smoke source was placed inside DSF to 
demonstrate that the pollutants were not being removed from the streetscape merely by lift 
generated by the Bernoulli principle. At time mark 0:02s the hot smoke is seen exiting the DSF 
wall at the inlet. At time mark 0:04s, the DSF fan was turned on. At time mark 0:09s no smoke 
can be seen exiting the DSF wall at the inlet. At time mark 0:16s the DSF fan was turned off. At 
time mark 0:23s smoke can again be seen exiting the DSF at the inlet.  
  
Figure 5.7.4 Tracer Smoke :23s Tracer Smoke Inside DSF, DSF OFF, Smoke 
Entering Canyon 
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5.8 Discussion 
The research questions led to the crafting of the hypothetical questions, where we 
developed several experiments to test the following hypothesis: 
• When coupling the building facade and the urban street is it possible to ventilate street 
level air pollution and facilitate mixing (RQ1 and RQ2 and RQ4) 
The results based upon numerical modeling (CFD) showed definitive ventilation of street 
level air pollution and mixing with upper boundary air. While more robust CFD software were 
not able to perform the analyses due to meshing issues related to scale, the non-dimensional 
Navier-Stokes results supported the hypothesis. Because there were gaps in software capabilities 
and therefore limits to the performance of the CFD analyses, validation of the software results 
was performed using a wind tunnel adapted for urban boundary layer models.  
Although many of the variables of the wind tunnel operation were less than ideal, what 
was consistent throughout all the tests was that the DSF evacuated the urban street canyon and 
showed definitive ventilation of street level air pollution and some mixing with upper boundary 
air. Due to the nature of the simulated pollutant sources, and the scale with which the DSF had to 
function (1:200), the pollutant sources were not able to be visually traced after entering the DSF 
inlet as they were dissipated by the fan within the model. 
During most of the experiments, the ambient temperature within the testing room that 
held the wind tunnel apparatus was consistently more than 90oF. In Experiment 1 it became 
apparent that the hot heated glycol-based fluid was extremely buoyant, and after exiting the wind 
tunnel, rose to the ceiling level of the room. This led to the development of Experiment 2, and 
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the identification of a visible vapor that would generally stay at the street level of the simulated 
urban canyon. 
Dry Ice vapor consists of carbon dioxide and water vapor. Although the visual analysis of 
the vapor demonstrates the function of the DSF, the vapor itself did not create the coherent 
structure of the recirculating vortex. Intuitively, we know it is there, but it does not exhibit stable 
structure. This led to the development of Experiment 3, where a particulate smoke source could 
be used for visualization. 
Experiment 3 clearly demonstrated that the DSF functions very effectively in evacuating 
simulated air pollutants from the simulated urban canyon. Two other tests, however, were 
developed to serve as controls as to the function of the DSF in the canyon. The first test, 
Experiment 4, set up a visual demonstration of extreme conditions of the boundary layer and the 
canyon air pollutants. The heated glycol mixture was selected for the visualization of the urban 
boundary, and the dry ice vapor was used to distinguish from the two types of smoke. Although 
colored smoke would have been ideal, non-toxic colored smoke was not available, and therefore 
colored smoke could not be used in the closed conditions of the room.  
The Experiment 4 control test is also important for demonstrating the potential for the 
DSF to enhance mixing. The boundary layer jet was 23 cm above the top level of the canyon, but 
from time mark 0:16s through 0:28s the heated glycol vapor can be seen being drawn into the 
canyon. This result should be further investigated at larger scale in an environment where 
colored tracer gases can be used to determine mixing capacity of the DSF. 
The second control test, Experiment 5, was set up to show that the DSF was an actively 
ventilated system. The opportunity to test buoyancy within the DSF was impossible at the 1:200 
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scale, but, a smoke system internal to the DSF could be used to demonstrate that the Bernoulli 
effect was not removing the canyon pollutants. This test demonstrated that the DSF worked 
actively and not passively. This result should also be further investigated at larger scale to 
determine if solar radiation induce buoyancy could produce sufficient evacuation and definitive 
ventilation of street level air pollution and mixing with upper boundary air. 
As discussed in Chapter 1, each of the CFD analyses were verified. Each of the wind 
tunnel experiments, verified the DSF operation and removal of air pollutants from the street 
canyon, with Experiments 4 and 5 serving as controls to verify the DSF operation. Table 5.8.1 
summarizes the verification and validation of the wind tunnel model confirming the DSF 
evacuation of simulated air pollution in the street canyon. 
 
 
  
Table 5.8.1 Results Verification and Validation of DSF 
Evacuation of Air Pollution in Street Canyon  
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5.8.1 Airflow Rates and Potential Pollutant Mass Flow Removal Rates for Full Scale 
Implementation 
The research questions led to the crafting of the second hypothetical question:  
• Can vegetated biofilters effectively remove air pollution within DSF operating 
parameters while ventilating street level air? (RQ3) 
In order to determine whether the flow rates of evacuation would be within the range 
suitable for human comfort, an off the shelf smoke evacuation fan was selected of a size that 
would fit within the DSF at full scale (Canarm Ltd. brand Model RB Belt Drive Propeller Up 
Blast Roof Exhaust Fan, 36”). Calculations in Table 5.8.1 show that the DSF results could be 
built with 11 fans mounted along the top of the DSF all within the face of a typical 50-foot 
building, while operating at speeds of 3.76 m/s which is less than the maximum allowed for 
human comfort (5 m/s).  
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Street Canyon Air Pollution removal rates can be estimated based upon data available. 
“For ozone, a global chemical transport model simulation of seasonal maximum concentrations 
is available. The estimated levels of ozone are highest in North America, Latin America, Europe, 
and South and East Asia, as well as parts of Africa. For these regions, seasonal (3-month) hourly 
maximum ozone concentrations in 2005 were estimated to be greater than 40 ppb [80 μg/m3], 
with concentrations in some areas in parts of Asia and Africa greater than 80 ppb [160 μg/m3]” 
[94].  
 
 DSF Evacuation at MAX COMFORT 5 m/s  
Fan Dimensions 36" blade diameter 
Fan CFM  17886 
Fan m3/s  8.44 
ft2 inlet area of DSF   258 
m2  23.97 
MAX COMFORT m/s  5 
(Fan m3/s*x/23.97)=5      
Number of Fans:   
x=(23.97*5)/Fan m3/s   
x=119.85/Fan m3/s  14 
Space required across face of building 
36" fan size   
ft = (36/12)*# of fans  42.6    
DSF Evacuation Experimental Results 
Scaled Fan Speed m/s  3.76 
(Fan m3/s*x/23.97)=3.76   
Number of Fans:   
x=(23.97*3.76)/Fan m3/s   
x=90.13/Fan m3/s  11 
Space required across face of building 
36" fan size   
ft = (36/12)*# of fans 32.0 
Table 5.8.2 Airflow Rates of DSF MAX Comfort and Experimental Results 
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The same report shows that in 2005, PM2.5 concentrations were estimated to be 
 > 50 μg/m3 in South and East Asia, and the population-weighted annual mean PM2.5 
concentration in North America was estimated as 13 μg/m3.  
This allows us to estimate the mass flow removal rates of criteria air pollutants by the 
DSF without the integrated vegetated biofilter at the fan speed of 3.76 m/s, results are shown in 
Table 5.8.2. Mass flow rate is calculated as: 
Equation 5.1    𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡 = 𝑣𝑣𝑣𝑣𝜌𝜌 
Where    𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡 is in μg/s 
       v = flow velocity of the elements 
𝑣𝑣 = cross-sectional area of the DSF 
ρ = mass density of the fluid 
 
Volume of Canyon 
Moved     
Fan m3/s  8.44 
Number of fans  11 
Total m3/s   90 
Mass Flow Evacuation 
Rate   
VOC μg/m3   80 
mdot μg/s   7209 
PM2.5 μg/m3   13 
mdot μg/s   1172 
 
 
  
Table 5.8.3 Estimated DSF Mass Flow Evacuation Rate of VOC and PM2.5 
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5.8.2 Potential Remediation of Air Pollutants Using an Integrated Active Green Wall Based 
on Mass Flow Removal Rates 
To date, active green walls have been studied in interior environments. A recent in situ 
test [95] described an active green wall, of 9 m2 installed in a 120.2 m3 room. The volumetric 
flow rate through the active green wall was 0.0787 m3/s representing approximately 2.36 air 
exchanges per hour. 
The study found that prior to the installation of the active green wall, the average 
concentration of total volatile organic compounds (TVOCs) was 300 ± 3.04 ppb, following the 
installation of the active green wall, the average concentration of TVOCs was reduced to 
217 ± 2.00 ppb over the 20-min trial period, representing a reduction of ~ 28% [95]. Furthermore, 
prior to the active green wall installation, the ambient concentration of total suspended 
particulates (TSPs) was 101.18 ± 0.29 μg /m3. After the active green wall was installed, the mass 
concentration of TSP in the room was reduced by 42.6% over 20 min.  
The documented air flow rate of the active green wall for effective remediation, is much 
less than that of the operational DSF in the urban street canyon. It can be assumed that the 
removal rate of the TVOCs and TSPs would be reduced as the root microbial and mycorrhizae 
systems have much less time to interact with the air pollutants. Larger scale tests would allow for 
an active green wall to be installed within the DSF to determine the TVOC and TSP effective 
remediation.  
It is important to note, that in both the CFD and the wind tunnel tests, an object was not 
present within the DSF system representing the integrated vegetated biofilter. The secondary 
research question was limited to identifying whether the canyon could be cleared by the DSF at a 
rate sufficient to support the integrated vegetated biofilter. The fan that was utilized to simulate 
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the extract air in the DSF model used for the wind tunnel operated at a maximum inlet speed of        
5 m/s. Pressure losses within the model created an outlet flow rate of 1.30-1.53 m/s. This verified 
that the maximum inlet flow rate did not exceed the maximum operational flow rate for the 
vegetated biofilter. The calculated results show that the vegetated biofilter would be able to 
operate, but the VOC and PM2.5 remediation rate is not definitive. The vegetated biofilters could 
sequester some quantity of air pollution within the DSF operating parameters, while the DSF was 
removing street level air pollutants (RQ3). 
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CHAPTER 6 - CONCLUSION 
6.1 Answering Research Questions 
Responding to increasing population and urbanization is being met at a global scale. 
Rethinking how building systems operate and how systems function with regard to interfacing 
with the urban environment can transform the definition of how buildings can contribute to urban 
infrastructure. Instead of looking at landscape/streetscape as external to the building, we should 
be looking at it through the lens of a complex multi-dimensional model, a holistic expression of 
symbiosis as the building seeks to contribute and regenerate the urban environment instead of 
merely taking from or existing within it. 
This research has proposed to extend the building paradigm by considering opportunities 
for building systems to act beyond their tasks within the building perimeter. Specifically, 
questions that arose from examination of the knowns and unknowns within that new building 
paradigm lead to several Research Questions:  
• RQ1-What building systems interact with street canyon airflow;  
• RQ2-How can the building system ventilate street level air pollution and facilitate 
mixing;  
• RQ3-How can vegetated systems operate with a building to ameliorate air pollutants;  
• RQ4-What analyses demonstrate interaction of building with street level air? 
After identifying which building systems interact with street level air, this research 
answered RQ1 - what building systems interact with street canyon airflow - by identifying the 
Double Skin Façade as a building air delivery (and energy efficiency) system that had potential 
to interact with street canyon airflow. The hypothesis - when coupling the building facade and 
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the urban street is it possible to ventilate street level air pollution and facilitate mixing 
(developed to evaluate RQ1 and RQ2 and RQ4) led to the investigation of the analytical 
methods necessary to demonstrate that the Double Skin Façade can interact with the streetscape 
level air. The wind tunnel experimental results validated and verified (Chapter 5 sections 5.1.2, 
5.3-5.7) that the DSF definitively ventilated street level air and enhanced mixing at the urban 
boundary layer. This façade technology-based approach yields the promise and expression of a 
building DSF that serves a functional purpose beyond natural ventilation, daylighting, and 
thermal efficiency. This presents a transformative approach to building design allowing the 
façade to enhance adjacent airspace, effectively creating a design intervention with the building 
façade that can remove criteria air pollutants found in these urban street canyon configurations. 
As a follow on to the research questions demonstrating ventilation of the street canyon, 
RQ3-How can vegetated systems operate with a building to ameliorate air pollutants – led to the 
hypothesis – can vegetated biofilters effectively remove air pollution within DSF operating 
parameters while ventilating street level air? If we include the integration of a vegetated biofilter, 
the opportunity presents itself to remediate criteria air pollutants such as VOCs and PMs in a 
manner that simultaneously satisfies our need for nature within the built environment. This 
presents a compelling argument where a building can demonstrate a psychological as well as 
performative impact beyond its perimeter. While the scale of the experimental models and the 
limitations of the numerical models did not directly demonstrate the effective remediation of 
VOCs and PM2.5, it was demonstrated (Chapter 5 section 5.8.1) that the DSF operated at an 
airflow rate that would support the function of the vegetated biofilter, while mass flow rates 
indicated potential remediation. 
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This interdisciplinary approach yields the promise and expression of a building façade 
that serves a functional purpose beyond aesthetics, natural ventilation, daylighting, and thermal 
efficiency. By adding the integrated DSF façade, we provide a regenerative opportunity to 
remove air pollution, which presents a transformative approach to building design. The 
integration of a vegetated biofilter within a double skin façade that could ameliorate air 
pollution, represents the connection of systems and environment that gives true meaning to the 
definition of regenerative built environments. 
6.2 Contributions from Research 
• Urban Planning and Engineering - An important aspect of this research is the 
identification of Form Based Codes criteria that have the potential to form H:W ratios 
creating future urban street canyons (Chapter 2). The research identified urban street 
canyon configurations that accumulate air pollutants which are of concern for respiratory 
health. The research identified specific FBCs with street canyon formation potential 
which can lead to further refinement and development of FBCs and points out the need 
for solutions to address future urban development. 
• Building Integrated Urban Infrastructure – This research identified a means to extend the 
building systems to function as urban infrastructure for purposes of air pollution removal. 
The development of a method where investment in a building system is an investment in 
the city’s infrastructure is a paradigm shift and has led to the identification of multiple 
avenues of future interdisciplinary research (Chapter 1). 
• Identified Gaps in Knowledge - Near wall and urban microscale modeling identified gaps 
between engineering and urban climatology, between the models capable of analyzing 
near wall and urban scale air flow movement, and DSF airflow and energy modeling, 
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which presents an exciting opportunity for the CFD development community (Section 
5.1.1, 6.3). The research identified the gap by suggesting the building system paradigm 
shift. Much CFD work at building scale is focused on Building Energy Simulation 
Models and modeling of Urban Boundary Layer processes supporting thermal comfort, 
air quality and city ventilation. Identifying and understanding the DSF building system 
and the need to model the DSF within the context of the street canyon in order to extend 
its functional purpose toward remediating street canyon air pollution, is transformative in 
terms of future research. 
• Street Trees, Vegetated Biofilters, and Air Pollutants – This research identified that street 
trees do not necessarily create the benefits that have been promoted in the literature and 
that trees also contribute to air pollution accumulation (Section 3.1.2). The research 
suggested the use of a vegetated biofilter on the exterior façade of a building, protected 
by a glazed DSF, which extends the capabilities of a vegetated biofilter structure. The 
glazed DSF can function as a greenhouse to extend the climate zones and seasons during 
which the biofilter can operate. Installing the vegetated biofilter on the street side of the 
building, extends the types of naturalized environments which have been shown to have 
beneficial psychological impacts on human beings (Section 1.5, Section 4.4, Section 
5.8.1, Section 5.8.2).  
• Building Materials and Air Pollutants – During the course of this research, it was 
identified that a current method being adopted to address urban air pollution, does not in 
fact perform as promoted. Photocatalytic paints are being used as a means to sequester 
VOCs, however, the degradation of the paint and interactions with atmospheric air in fact 
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releases additional VOCs known to be carcinogens as well as releasing nanoparticles. 
This is an area that should be conveyed more widely to the public (Section 1.5). 
• Exploring the Façade Building System through Simulations and Experiments – This 
research identified a building systems façade technology that does not limit building 
expression, force building owners to alter building setbacks, nor limit building height 
(Section 3.3). The research had, as a result, a new façade system (an active DSF) which 
demonstrated removal of street canyon air pollution (Chapter 4,5). Specifically, the 
introduction of the active DSF as a means to ventilate street level air, facilitate mixing, 
and remove – and potentially ameliorate through the incorporation of vegetated biofilter - 
criteria air pollutants, which extends the efficacy and application of building systems. 
This new active façade also serves as urban infrastructure and is fundamental to 
providing solutions to solve the air quality issues being created by increasing 
urbanization. The interdisciplinary methods used to analyze the hypothetical questions, 
represents opportunities for interdisciplinary teams to be informed by urban climatology 
and extend their understanding and influence for future urban design development 
beyond the typical wind loading, building energy and urban heat island, and air pollutant 
transfer modeling. The DSF system, without the integrated biofilter, has been given 
provisional patent number 62/576,947 with the name “Apparatus and Method for 
Enhancing Air Quality in Urban Street Canyons”. 
6.3 Future Research  
First, it will be necessary to identify and develop software that can perform CFD analyses 
simultaneously address the differing scales of the street canyon with the finer scales of the DSF 
and incorporate energy conservation.  There is potential in exploring Detached Eddy Simulations 
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(DES) - a modification of RANS models where the model switches to a sub grid scale in regions 
fine enough for LES calculations – to address the gap in knowledge with near wall and urban 
scale air flow modeling. This will need to be developed in multiple phases and evaluated with an 
urban boundary layer wind tunnel. Should this be developed, it presents an opportunity to save 
energy with the DSF system on days where there may be buoyancy assistance that would reduce 
the amount of energy needed to run the system and evacuate the street level air pollutants.  
Second, refinement of the scale and size of the DSF may result in the findings of smaller 
DSF systems that could accomplish the same evacuation of the canyon. Indeed, it may be 
possible to disconnect the system completely from the building façade and have temporary 
installations as air quality issues arise. 
Lastly, full scale in situ field tests would provide the opportunity to fully integrate the 
vegetated biofilter and measure actual air pollutant remediation as well as analyze the full urban 
boundary layer penetration and mixing. Identifying an existing urban street canyon location, 
where a temporary DSF could be set up (or alteration of an existing system) would provide an 
experimental test bed to quantify mass flow rates, evacuation and air pollutant removal and mass 
flow rates. Additionally, the types of plants used within existing vegetated biofilters currently 
operate within conditioned building spaces. The opportunity to identify plants that can also 
remediate criteria air pollutants such as VOCs and PM2.5 while also being exposed to outside 
climate conditions – such as plants already identified through green roof trials or external living 
walls - presents another unique opportunity to determine species and regional application that 
can also remediate air pollution through their symbiotic microbial colonies and root structures. 
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This research was initiated to explore the potential use of buildings systems to remediate 
urban air pollutants in addition to functions that are necessary to support the building itself, 
which is transformational in our approach to building design. The identification of urban 
conditions that exacerbate air pollution at the street level became the focus for identifying one 
building system that could be adapted to counter street canyon air pollution. This research has 
definitively identified a building system – a Double Skin Façade – that can evacuate street level 
air pollutants and facilitate mixing with urban boundary layer air. The DSF system also shows 
the potential to ameliorate those air pollutants with the introduction of a vegetated biofilter, 
thereby demonstrating that buildings are capable of providing urban ecosystem services, which 
represents a fundamental paradigm shift as to the nature of buildings in the urban and suburban 
built environment.  
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